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Abstract	  	  The	   studies	   described	   in	   this	   Thesis	   involve	   the	   development	   of	   syntheses	   of	   a	  wide	   range	   of	   chemically	   well-­‐defined	   oligopyrroles	   for	   tissue	   engineering	  applications.	   In	   particular,	   the	   outcomes	   of	   a	   detailed	   investigation	   into	   the	  preparation	   of	   certain	   types	   of	   such	   oligopyrroles	   are	   presented	   using	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reactions	   as	   a	   means	   for	   linking	   pyrrole-­‐based	   building	  blocks.	  	  Chapter	  One	  provides	  a	  brief	  introduction	  to	  conducting	  polymers.	  This	  is	  followed	  by	   a	   discussion	   of	   pyrrole,	   oligopyrroles	   and	   polypyrrole(s).	   Selected,	   useful	  transition	   metal-­‐catalysed	   cross-­‐coupling	   protocols	   are	   presented	   together	   with	  possible	  methods	  for	  the	  characterisation	  of	  the	  resulting	  oligomeric	  systems.	  	  	  Chapter	  Two	  details	   synthetic	   approaches	   to	   the	  α,α’-­‐linked	   sexipyrrole	  51	   (and	  representing	  a	  specific	  example	  of	  the	  more	  generalised	  system	  45)	  using	  Suzuki-­‐Miyaura	   cross-­‐coupling	   reactions.	   The	   successful	   formation	   of	   bipyrroles	   and	  tripyrroles	  are	  described.	  Significantly,	  even	  the	  bipyrroles	  so	  formed	  were	  found	  to	  be	  rather	  sensitive	  compounds,	  a	  circumstance	  that	  prevented	  the	  preparation	  of	  target	  51.	   	  
	  	  A	  second-­‐generation	  approach	  to	  more	  stable	  α,α’-­‐linked	  sexipyrroles	   is	  outlined	  in	   Chapter	   Three.	   This	   work	   focused	   on	   synthesis	   of	   chemically	   well-­‐defined	  pyrrole-­‐containing	   oligomers	   incorporating	   stabilising	   phenylene	   spacer	   units	   as	  embodied	   in	   compounds	   such	   as	   110,	   121	   and	   128.	   The	   pathway	   to	   these	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sexipyrroles	  continued	  to	   involve	  Suzuki-­‐Miyaura	  cross-­‐coupling	  protocols	  as	  the	  key	  steps.	  	  
	  	  Chapter	  Four	  details	  the	  preparation	  of	  several	  additional	  types	  of	  oligomers	  using	  a	   variety	   of	   phenylene	   ring	   spacers	   and	   pyrrole	   units	   by	   exploiting	   the	  experimental	   protocols	   reported	   in	   Chapter	   Three.	   The	   second	   part	   of	   Chapter	  Four	   details	   the	   syntheses	   of	   oligomers	   embodying	   combinations	   of	   α-­‐	   and	   β-­‐linked	  units.	  	  The	  work	  detailed	  in	  Chapter	  Five	  was	  focused	  on	  various	  physicochemical	  studies	  of	   the	   oligopyrroles	   prepared	   as	   described	   in	   Chapters	   Three	   and	   Four.	   Such	  studies	   included	   UV-­‐visible	   spectroscopic,	   cyclic	   voltammetric	   and	   conductivity	  measurements.	  Chapter	  Five	  also	  provides	  a	  conclusion	  and	  discussion	  of	  possible	  future	   directions	   for	   studies	   in	   the	   area	   while	   Chapter	   Six	   provides	   the	  experimental	  detail	  that	  underpins	  the	  work	  described	  in	  preceding	  ones.	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Glossary	  The	  following	  abbreviations	  have	  been	  used	  throughout	  this	  thesis:	  	  α	   alpha	  Å	  	   Ångstrom	  	  Ac	   acetyl	  AcOH	   acetic	  acid	  AFM	   atomic	  force	  microscopy	  β	   beta	  B2Pin2	   bis(pinacolato)diboron	  Bn	   benzyl	  Boc	   tert-­‐butyloxycarbonyl	  br	   broad	  brsm	   based	  on	  recovered	  starting	  material(s)	  Bu	   butyl	  
ca.	   circa	  (approximately)	  	  cm	   centimetre(s)	  CV	   cyclic	  voltammetry	  d	   doublet	  	  d	  	   day(s)	  °C	   degrees	  Celsius	  δ	   chemical	  shift	  (parts	  per	  million,	  ppm)	  	  DBU	   1,8-­‐Diazabicyclo[5.4.0]undec-­‐7-­‐ene	  DCE	   1,2-­‐dichloroethane	  dia.	   diameter	  DMA	   dimethylacetamide	  DME	   1,2-­‐dimethoxyethane	  DMF	   N,N-­‐dimethylformamide	  DMSO	   dimethylsulfoxide	  dtbpy	   4,4’-­‐di-­‐tert-­‐butyl-­‐2,2’-­‐dipyridyl	  	  E	   energy	  	  
	  	   	  
x	  
E	   entgegen	  (opposite)	  	  
e.g.	   exempli	  gratia	  (for	  example)	  	  EI	   electron	  impact	  (mass	  spectrometry)	  	  
Epa	   maximum	  reduction	  
Epc	   maximum	  oxidation	  equiv.	   equivalent	  (mole)	  ESI	   electrospray	  ionisation	  (mass	  spectrometry)	  Et	   ethyl	  	  
etc.	   et	  cetera	  (and	  other	  things)	  
et	  al.	   et	  alia	  (and	  others)	  	  EtOH	   ethanol	  Et2O	   diethyl	  ether	  Et3N	   triethylamine	  Fc	   ferrocene	  Fc+	   ferricinium	  g	   gram(s)	  	  h	   hour(s)	  	  HFIP	   hexafluoroisopropanol	  HMBC	   heteronuclear	  multiple-­‐bond	  correlation	  	  HREIMS	   high	  resolution	  electron	  impact	  mass	  spectrometry	  	  HRESIMS	   high	  resolution	  electrospray	  ionisation	  mass	  spectrometry	  	  Hz	   Hertz	  	  I	  	   current	  
i.e.	   id	  est	  (that	  is)	  [Ir(Cl)(COD)]2	   bis(1,5-­‐cyclooctadiene)diiridium(I)	  dichloride	  IR	   infra	  red	  	  	  
J	   coupling	  constant	  (Hz)	  	  λ	   wavelength	  	  (nm)	  	  LDA	   lithium	  diisopropylamide	  lit.	   literature	  (value)	  	  M	   moles	  per	  litre	  mM	   milimoles	  per	  litre	  m	   multiplet	  	  
	  	   	  
xi	  m.p.	   melting	  point	  (°C)	  	  
m/z	   mass-­‐to-­‐charge	  ratio	  	  M+!	   molecular	  ion	  	  Me	   methyl	  	  mg	   miligram(s)	  MHz	   mega-­‐Hertz	  	  min	   minute(s)	  	  mL	   millilitre(s)	  	  μL	   microlitre(s)	  	  mm	   millimetre(s)	  	  mmol	   millimole(s)	  	  mol	   mole(s)	  	  MS	   mass	  spectrometry	  	  μw	   microwave	  nA	   nanoamp(s)	  μA	   microamp(s)	  
n-­‐BuLi	   n-­‐butyllithium	  Ω/☐	   ohms	  per	  square	  NBS	   N-­‐bromosuccinimide	  NIS	   N-­‐iodosuccinimide	  nm	   nanometer(s)	  NMR	   nuclear	  magnetic	  resonance	  	  nOe	   nuclear	  Overhauser	  enhancement	  ORTEP	   Oak	  Ridge	  Thermal	  Ellipsoid	  Program	  Pd(dppf)Cl2!CH2Cl2	   (1,1'-­‐bis(diphenylphosphino)ferrocene)palladium[II]	  dichloride	  Pd(PPh3)4	   tetrakis(triphenylphosphine)palladium[0]	  Pd2(dba)3	   tris(dibenzylideneacetone)dipalladium[0]	  PMB	   p-­‐methoxybenzyl	  ether	  PPh3	   triphenylphosphine	  Pyr!HBr3	   pyridinium	  hydrobromide	  perbromide	  π	   denotes	  a	  double	  bond	  	  π→π*	   electronic	  transition	  (promotion)	  between	  π	  and	  π*	  orbitals	  	  
	  	   	  
xii	  q	   quartet	  	  quant.	   quantitative	  r.p.m.	   revolutions	  per	  minute	  	  r.t.	   room	  temperature	  (approx.	  18	  °C)	  RBF	   round-­‐bottom	  flask	  Rf	   retardation	  factor	  	  
Rs	   average	  resistance	  of	  the	  film	  or	  sheet	  resistance	  s	   singlet	  	  	  Scm-­‐1	   Siemens	  per	  centimeter	  t	   triplet	  	  TBAI	   tetra-­‐n-­‐butylammonium	  iodide	  TBAP	   tetrabutylammonium	  perchlorate	  TFA	   trifluoroacetic	  acid	  THF	   tetrahydrofuran	  	  TLC	   thin	  layer	  chromatography	  	  TMP	   tetramethylpiperidine	  TMS	   trimethylsilyl	  	  TMSCl	   trimethylsilyl	  chloride	  UV	   ultraviolet	  (spectroscopy)	  V	   potential	  mV	   millivolt(s)	  νmax	   infra-­‐red	  absorption	  maxima	  (cm-­‐1)	  	  v/v	   unit	  volume	  per	  unit	  volume	  (ratio)	  	  
viz.	   videlicit	  (that	  is,	  namely)	  	  
vs	   versus	  	  Vs-­‐1	   volts	  per	  second	  W	   Watt(s)	  w/v	   unit	  weight	  per	  unit	  volume	  (%)	  <	  	   less	  than	  >	  	   greater	  than	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1 CHAPTER	  ONE	  Pyrrole,	  Oligopyrroles	  and	  Polypyrrole(s)	  
	  
	  
1.1 Introduction	  	  For	   the	   last	   few	   decades	   the	   electrical	   and	   optical	   properties	   of	   certain	   π-­‐conjugated	  polymers,	  especially	  polypyrrole,	  have	  attracted	  considerable	  attention	  because	  of	  their	  potential	  utility	  in	  various	  settings	  including	  in	  batteries,	  display	  devices,	  gas	  sensors,	  selective	  biosensors,	  radar	  absorbing	  material	  and	  molecular	  electronic	   devices.1-­‐3	   This	   is	   because	   when	   polypyrrole	   is	   suitably	   doped	   it	  becomes	   highly	   conductive.	   However,	   compared	   to	   other	   conducting	   polymers	  such	  as	  polythiophenes4-­‐7	  or	  polyacetylenes8,9	  the	  methodologies	  available	  for	  the	  assembly	   of	   chemically	   well-­‐defined	   oligo-­‐	   and	   thence	   poly-­‐pyrroles	   are	   rather	  limited.	   This	   situation	   derives,	   at	   least	   in	   part,	   from	   the	   unstable	   nature	   of	   the	  pyrrole	  moiety	  under	  normal	  (atmospheric)	  conditions.10,11 	  	  
1.2 Conducting	  Polymers	  	  A	   large	   range	   of	   conducting	   organic	   polymers	   is	   known	  with	   the	  most	   effective	  ones	  being	  comprised	  of	  π-­‐conjugated	  systems	  possessing	  alternating	  double	  and	  single	  bonds	  such	  as	  those	  encountered	  in	  systems	  1-­‐5	  shown	  in	  Figure	  1-­‐1.	  
 
	  
	  
Figure	  1-­‐1:	  The	  structures	  of	  common	  conducting	  organic	  polymers.	  	  Such	   conjugated	   organic	   polymers	   are,	   in	   their	   “native/neutral	   state	   (6)	   or	  resonance	   quinoid	   state	   (7)”,	   either	   electrical	   insulators	   or	   semiconductors	  
S
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4
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[polyaniline]
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2	  (Figure	   1-­‐2).	   However,	   they	   often	   become	   highly	   conductive	   through	   partial	  oxidation	   of	   the	   π-­‐system	   associated	   with	   the	   polymer	   backbone.	   In	   the	  native/neutral	  state	  (6),	  the	  conductivity	  of	  such	  systems	  ranges	  between	  that	  of	  insulator	  and	  a	  semiconductor,	  viz.	  from	  10-­‐10	  to	  10-­‐5	  Scm-­‐1.	  When	  these	  polymers	  as	  subject	  to	  oxidative-­‐doping,	  they	  become	  almost	  as	  conducting	  as	  some	  metals,	  
viz.	  in	  the	  range	  from	  10-­‐5	  to	  1	  Scm-­‐1.12	  Redox-­‐doping	  takes	  two	  forms,	  specifically	  
p-­‐doping	   (oxidation)	   and	   n-­‐doping	   (reduction),	   and	   can	   be	   induced	   by	   either	  chemical	  or	  electrochemical	  means.13	  Upon	  oxidation,	  the	  charges	  associated	  with	  the	  native/neutral	  state	  are	  delocalised	  over	  several	  pyrrole	  units	  and	  generate	  a	  radical	   cation	   [polaron	   (8)]	   or	   a	   dication	   [bipolaron	   (9)]	   with	   the	   resulting	  charges	  balanced	  by	  counteranions	  (A−).7,14	  
 	  
	  
Figure	  1-­‐2:	  Chemical	  structures	  of	  polypyrrole	  in	  its	  (neutral)	  aromatic	  (6)	  and	  (resonance)	  
quinoid	  (7)	  forms	  and	  in	  its	  (oxidised)	  polaron	  (8)	  and	  bipolaron	  (9)	  forms.	  	   	  The	  electronic	  properties	  of	  polypyrrole,	  which	  is	  comprised	  of	  a	  complex	  mixture	  of	  multi-­‐pyrrole	   containing	  materials,	   can	  be	   explained	  using	   the	  band	  diagrams	  shown	  in	  Figure	  1-­‐3.15-­‐17	  The	  highest	  occupied	  molecular	  orbital	  (HOMO)	  and	  the	  lowest	  unoccupied	  molecular	  orbital	  (LUMO)	  of	  the	  precursor	  monomer	  are	  split	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3	  into	  π	  and	  π*	  bands	  upon	  polymerisation	  with	   the	   former	  being	  a	   fully	  occupied	  valence	   band	   and	   the	   latter	   being	   an	   empty	   conduction	   band.	   The	   energy	  difference	  between	  the	  two	  is	  defined	  as	  the	  band	  gap	  and	  the	  size	  of	  this	  defines	  the	   properties	   of	   polymer.	   The	   oxidised	   species	   in	   the	   polaron	   state	   has	   a	  narrower	  band	  gap	  than	  the	  neutral	  polymer	  while	  further	  oxidation	  (through	  p-­‐doping)	  results	   in	  a	  second	  electron	  being	  removed	  to	  create	   the	  bipolaron	  state	  that	  possesses	  a	  notably	  narrower	  band	  gap.	  The	  smaller	  the	  band	  gap(s)	  the	  more	  highly	   conducting	   the	   system.	   The	   reduction	   in	   band	   gap	   also	   results	   in	   a	  bathochromic	  shift	  in	  the	  absorbance	  spectrum	  of	  the	  material.	  	  	  
	  
	  
Figure	  1-­‐3:	  Band	  diagrams	  of	  the	  neutral	  polymer	  (6),	  polaron	  (8)	  and	  bipolaron	  (9)	  
associated	  with	  polypyrrole,	  showing	  the	  differences	  in	  the	  band	  structures.	  	  The	   fact	   that	   doped	   polypyrrole	   is	   highly	   conductive	   and	   that	   a	   wide	   range	   of	  structurally	   variable	   forms	   of	   oligopyrroles	   should	   be	   accessible	   through	   the	  manipulation	   and	   linking	   of	   pyrrole	  monomers	   using	   contemporary	  methods	   of	  synthesis	  offers	  interesting	  possibilities	  for	  creating	  “designer”	  oligopyrroles	  that	  might	  display	  useful	   and	  specifically	   tuned	  electrical	  properties.	  Accordingly,	   the	  main	  focus	  of	  the	  work	  reported	  in	  this	  Thesis	  was	  on	  the	  chemical	  manipulation	  of	  the	  pyrrole	  moiety	  so	  as	  to	  generate	  structurally	  well-­‐defined	  oligopyrroles	  and	  thence	   “cleaner”	   (more	   well-­‐defined)	   polypyrroles	   through	   oxidative	  polymerisation	  processes.	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1.3 Pyrrole,	  Oligopyrroles	  and	  Polypyrrole(s)	  	  	  Pyrrole	   was	   first	   identified	   by	   Runge	   in	   1834	   when	   he	   was	   investigating	   the	  constituents	  of	  coal	  tar.18	  Thus,	  when	  this	  form	  of	  tar	  was	  exposed	  to	  hydrochloric	  acid	  he	  detected	  a	  bright	  red	  coloured	  material	  that	  he	  called	  “pyrrole”	  after	  the	  Greek	   word	   for	   “fiery”.	   Pyrrole	   is	   now	   recognised	   as	   being	   one	   of	   the	   most	  prevalent	  heteroaromatic	  systems	  in	  nature.19	  	  	  	   	  
	  
Figure	  1-­‐4:	  The	  aromatic	  heterocyclic	  pyrrole	  (10)	  and	  the	  associated	  atom	  
numbering/labelling.	  	  Pyrrole	   is	   the	   pivotal	   subunit	   associated	   with	   various	   naturally	   occurring	   and	  biologically	  significant	  polyheterocycles	  including	  heme	  B	  (11),	  chlorophyll	  c2	  (12)	  and	  lycogarubin	  C	  (13).20,21	  	  
 
	  
Figure	  1-­‐5:	  Structure	  of	  heme	  B	  (11),	  chlorophyll	  c2	  (12)	  and	  lycogarubin	  C	  (13).	  	  Polypyrrole	  is	  under	  intensive	  investigation	  as	  a	  promising	  electrode	  material	  for	  super-­‐capacitors.22,23	  Recent	  studies	  by	  a	  number	  of	  groups	  have	  also	  shown	  that	  polypyrrole	  generated	  by	  the	  polymerisation	  of	  the	  parent	  heterocycle	  can	  play	  a	  major	   role	   in	   tissue	   engineering	   by,	   for	   example,	   facilitating	   the	   regeneration	   of	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5	  damaged	  nerves.6,24	  Every	  year,	  around	  100,000	  patients	  undergo	  surgically	  based	  peripheral	  nerve	  repair	  procedures	   in	  United	  States	  and	  Europe.25	  Gaps	  between	  severed	   nerve	   endings	   less	   than	   10	   mm	   can	   be	   reconnected	   surgically	   using	  microsutures	  but	  longer	  ones	  (>10	  mm)	  are	  very	  difficult	  to	  treat.26	  The	  benefits	  of	  using	   polypyrrole	   as	   nerve	   guides	   in	   such	   circumstances	   are	   numerous	   because	  the	   relevant	   procedures	   are	   less	   surgically	   invasive	   than	   currently	   employed	  autografts	  which	  require	  using	  body	  parts	  from	  elsewhere	  in/on	  the	  patient.	  Thus,	  the	   use	   of	   nerve	   guides	   avoids	   having	   to	   establish	  multiple	   surgical	   sites	   and	   so	  there	   is	   an	   attendant	   minimisation	   of	   pain	   as	   well	   as	   a	   reduction	   of	   other	   side	  effects	   that	   are	   usually	   involved.24,27	   For	   this	   reason	   attempts	   to	   synthesise	  biocompatible,	  or	  at	  least	  surface-­‐erodible,	  polypyrroles	  have	  been	  made	  by	  either	  electrochemical	   or	   simple	   chemical	   polymerisation	   of	   pyrrole	   monomers	  incorporating	  an	  ester-­‐bearing	  side-­‐chain	  at	  the	  β-­‐position.28 	  
 	  In	   2008,	   it	   was	   shown	   that	   conductive	   polymer	   nerve	   guides	   fabricated	   by	  electrodeposition	  of	  polypyrrole	  and	  placed	   in	   transected	  rat	  sciatic	  nerves	  were	  able	   to	   support	   nerve	   regeneration	   over	   an	   eight-­‐week	   period.24	   Such	   systems	  have	   a	   number	   of	   potentially	   desirable	   properties	   including	   biocompatibilities	  with,	  for	  example,	  primary	  human	  bone-­‐marrow	  derived	  mesenchymal	  progenitor	  cells.28	  More	   recently,	  Ma	   and	   co-­‐workers	   reported29	   the	   assembly	   (by	   chemical	  oxidation)	  of	  a	  5%,	  a	  10%	  and	  a	  15%	  polypyrrole/poly(D,L-­‐lactic	  acid)	  conducting	  composite	  nerve	  conduit	  for	  peripheral	  nerve	  regeneration.	  These	  nerve	  conduits	  were	  transplanted	  into	  a	  10	  mm	  defect	  (gap)	   in	  the	  sciatic	  nerve	  of	  a	  rat.	  After	  6	  months,	   the	  rat	  showed	  functional	  recovery	  similar	   to	   those	  (rats)	   that	  had	  been	  treated	  with	  a	  standard	  autologous	  nerve	  graft.	  Nevertheless,	  the	  polypyrrole	  used	  was	  not	  biodegradable	  and	  so	   limiting	   the	  composition	  of	   the	  polypyrrole	   to	   the	  5%	   level.	   In	   principle,	   this	   limitation	   could	   be	   addressed	   by	   preparing	   the	  polypyrrole	   from	   chemically	   well-­‐defined	   oligopyrroles.	   Polymerisation	   of	  oligopyrroles	   of	   defined	   shape,	   size	   and	   functionality	   could	   allow	   for	   the	  introduction	  of	  biodegradable	  features	  and	  also	  permit	  for	  more	  precise	  control	  of	  the	  conducting	  properties	  of	  the	  polymer.	  However,	  general	  and	  effective	  synthetic	  protocols	   for	   constructing	   chemically	   well-­‐defined	   oligopyrroles	   have	   yet	   to	   be	  developed	  although	  those	  that	  have	  been	  made	  are	  usually	  immunologically	  inert,	  biocompatible	   and	  non-­‐inflammatory	  materials.	  One	  of	   the	   significant	   challenges	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6	  needing	   to	   be	   addressed	   in	   doing	   so	   derives	   from	   the	   fact	   that	   unsubstituted	  oligopyrroles	   are	   extremely	   sensitive	   to	   oxygen	   unless	   electron-­‐withdrawing	  substituents	  are	  attached	  to	  the	  heterocyclic	  rings	  of	  such	  systems.10	  	  Despite	   the	   potential	   value	   of	   oligopyrroles	   in	   various	   tissue-­‐engineering	  applications,	   there	   remains	   a	   lack	   of	   methodology	   for	   the	   preparation	   of	  chemically	   well-­‐defined	   forms	   of	   such	   compounds.	   In	   particular,	   because	   the	  solubility	  of	  polypyrrole	  is	  very	  limited	  and	  oligopyrroles	  have	  a	  highly	  conjugated	  backbone	   they	   tend	   to	   be	   brittle/rigid	   materials.	   In	   addition,	   the	   requisite	  synthetic	  intermediates	  usually	  have	  poor	  oxidative	  stability.28,30-­‐32	  	  	  Sessler	   and	   co-­‐workers	   reported	   that	   the	   redox	   properties	   of	   oligopyrroles	   are	  directly	  related	  to	  the	   length	  of	   the	  conjugated	  π-­‐system.33	  Thus,	  as	  the	   length	  of	  the	  chain	  increases	  from	  that	  of	  a	  bipyrrole	  to	  a	  tripyrrole*	  to	  a	  quaterpyrrole†	  the	  conductivity	   also	   increases.	   Given	   this,	   and	   the	   notion	   that	   sexipyrrole-­‐based	  polymers	  are	   likely	   to	  have	   superior	   conducting	  and	  other	  properties	   relative	   to	  their	  lower	  homologues,	  the	  rational	  assembly	  of	  the	  first	  of	  these	  systems	  (i.e.	  the	  sexipyrroles)	  become	  the	  major	  focus	  of	  the	  initial	  studies	  reported	  in	  the	  body	  of	  this	  thesis.	  	  	  
1.4 Polymerisation	  Methods	  	  The	  properties	  of	  pyrrole-­‐derived	  polymers	  are	  dictated,	   to	  some	  extent	  at	   least,	  by	  the	  method	  used	  to	  prepare	  them.	  These	  methods	  and	  the	  outcomes	  of	  applying	  them	  are	  detailed	  in	  the	  following	  sections.	  	  
1.4.1 Chemical	  Oxidation	  	  The	   chemical	   oxidation	   of	   pyrrole	   has	   been	   used	   extensively	   to	   generate	   the	  corresponding	  conducting	  polymer.	  So,	  for	  example,	  when	  the	  pyrrole	  monomer	  is	  exposed	  to	  ferric	  chloride	  then	  large	  quantities	  of	  polypyrroles	  are	  generated	  but	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  *	  A	  tripyrrole	  contains	  three	  pyrrole	  units	  †	  A	  quaterpyrrole	  contains	  four	  pyrrole	  units	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7	  almost	   invariably	   as	   a	   complex	   mixture	   with	   other	   materials.28,34	   While	   many	  variants	  on	  this	  type	  of	  chemical	  oxidation	  have	  been	  reported,	  the	  ferric	  chloride	  method	  is	  still	  the	  most	  common	  one	  used	  today.35-­‐37	  However,	  the	  polypyrrole	  so	  formed	  is	  a	  rather	  refractory	  powder.	  	  
1.4.2 Electrochemical	  Oxidation	  	  Electrochemical	  oxidation	  protocols	  were	  introduced	  in	  1968	  and	  remain	  popular	  today.38-­‐41	   The	  method	   allows	   for	   the	   product	   polymer	   to	   be	   attached	   to	   a	  wide	  range	  of	  electrode	  surfaces	  with	  accompanying	  control	  of	  the	  thickness	  and	  mass	  of	   the	   film	   through	   adjustment	   of	   the	   voltage	   and/or	   current.	   Films	   having	  relatively	  high	  conductivity	  and	  good	  electrode	  properties	  are	  often	  best	  produced	  by	  such	  means.42	  However,	  to	  carry	  out	  the	  electrochemical	  oxidation	  successfully,	  the	  substrate	  must	  be	  conductive.	  	  
1.4.3 Mechanism	  of	  the	  Polymerisation	  of	  Pyrrole	  	  A	  mechanism	  for	  the	  formation	  of	  the	  polypyrroles	  generated	  either	  chemically	  or	  electrochemically	   through	   oxidative	   polymerisation	   of	   the	   pyrrole	   monomer	   is	  presented	  in	  Scheme	  1-­‐1.	  This	  starts	  (in	  the	  electrochemical	  variant	  of	  the	  process)	  with	  the	  cathodic	  oxidation	  of	  pyrrole	  (10)	  to	  the	  corresponding	  radical	  cation	  14	  wherein	  the	  maximum	  spin	  density	  resides	  at	  the	  α-­‐position.	  The	  dimerisation	  of	  compound	  14	  and	  subsequent	  loss	  of	  two	  protons	  then	  affords	  the	  2,2’-­‐bipyrrole	  
15.	  The	  polymer	  chain	  grows	  through	  addition	  of	  another	  radical	  cation	  14	  to	  that,	  
16,	  derived	  from	  the	  dimers.14,43	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Scheme	  1-­‐1:	  Oxidative	  polymerisation	  of	  pyrrole	  to	  polypyrroles.	  
 
1.4.4 Limitations	  of	  Chemical	  and	  Electrochemical	  Oxidation	  Methods	  	  In	   order	   to	   be	   able	   to	   use	   oligopyrroles	   and	   polypyrroles	   as	   nerve	   guides	   for	  human	  use,	  the	  properties	  of	  these	  compounds	  need	  to	  be	  optimised	  for	  maximum	  effect	  while	   remaining	   both	   biodegradable	   and	   biocompatible.	   However,	   neither	  the	  available	  chemical	  or	  electrochemical	  oxidation	  techniques	  allow	  for	  control	  of	  the	  size	  distribution	  of	  the	  polymer	  or	  its	  precise	  structure.	  As	  such	  these	  methods	  cannot	  be	  applied	  to	  the	  synthesis	  of	  well-­‐defined	  oligopyrroles.	  Accordingly,	   the	  research	   detailed	   in	   the	   body	   of	   this	   thesis	   was	   focused	   on	   efforts	   to	   prepare	  chemically	   well-­‐defined	   oligopyrroles	   for	   tissue	   engineering	   applications	   by	  applying	   modern	   transition	   metal-­‐mediated	   cross-­‐coupling	   chemistries	   to	  variously	   substituted	   pyrroles	   and	   thereby	   producing	   C−C	   linked	   systems	   of	  varying	  lengths	  and	  geometries.	  	  	  
1.5 Characterisation	  of	  Oligopyrroles	  	  	  To	   establish	   the	   utility	   (or	   otherwise)	   of	   newly	   prepared	   oligopyrroles,	   their	  electrochemical	   properties	  must	   be	   determined.	   This	   normally	   involves	   carrying	  out	   UV-­‐visible	   spectroscopic,	   cyclic	   voltammetric	   and	   four-­‐point	   probe	  conductivity	  measurements.	  Details	  of	  these	  techniques	  are	  provided	  in	  following	  sections.	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1.5.1 Ultraviolet	  (UV)-­‐Visible	  Spectroscopy	  	  UV-­‐visible	   spectroscopy	   is	   a	   useful	   technique	   for	   analysing	   the	   electronic	  properties	   of	   polymers	   by	   measuring	   their	   spectral	   absorbances.	   The	   degree	   of	  conjugation	   can	   be	   determined	   by	   such	   means	   because	   as	   the	   length	   of	   the	  polypyrrole	   increases	   the	  wavelength	   at	   which	   they	   absorb	   light	   also	   increases.	  Compounds	   containing	   π-­‐electrons	   absorb	   UV	   and/or	   visible	   light	   of	   varying	  wavelengths	  through	  π→π*	  excitation	  and,	  as	  a	  result,	  strong	  absorption	  bands	  for	  polypyrrole	   are	   usually	   observed	   around	   305-­‐340	   nm	   although	   the	   precise	  wavelength	  can	  vary	  depending	  on	  the	  electrolyte	  used	  (e.g.	  p-­‐toluenesulfonic	  acid,	  sulfuric	  acid,	  oxalic	  acid.)1,44-­‐46	  Moreover,	  oxidation	  of	  the	  polypyrrole	  may	  result	  in	  the	  formation	  of	  polaron/bipolaron	  species	  and	  these	  oxidised	  species	  normally	  show	  absorbances	  at	  wavelengths	  greater	   than	  400	  nm	  due	   to	  a	  decrease	   in	   the	  band	  gap.	  	  	  	  	  	  
1.5.2 Cyclic	  Voltammetry	  	  Cyclic	  voltammetry	  is	  a	  type	  of	  potentiodynamic	  electrochemical	  measurement.	  It	  is	   used	   to	   establish	   the	   redox	   activities	   of	   the	   compounds	   under	   study	   by	  measuring	   the	   current	   flows	   between	   two	   points	   and	   across	   various	   potential	  gradients.	  Such	  measurements	  are	  normally	  referenced	  to	  a	  ferricinium/ferrocene	  (Fc+/Fc)	  standard.47	  The	  cyclic	  voltammogram	  of	  ferrocene	  is	  shown	  in	  Figure	  1-­‐6	  as	   a	   typical	   example.	   The	   curve	   on	   the	   upper	   or	   forward	   scan	   arises	   from	   the	  oxidation	  of	  the	  ferrocene	  and	  the	  curve	  on	  the	  lower	  or	  reverse	  scan	  derives	  from	  the	   reduction	   of	   the	   ferrocinium	   species	   (single	   reversible	   electron)	   back	   to	   its	  neutral	  state.	  During	  the	  oxidation	  process,	  some	  compounds	  are	  deposited	  on	  the	  surface	   of	   the	   electrode	   and	   polymerisation	   of	   monomers	   can	   occur.	   A	   cyclic	  voltammogram	   allows	   for	   a	   determination	   of	   the	   oxidation/cathodic	   peak	  potential	   (Epc)	   and	   reduction/anodic	   peak	   potential	   (Epa)	   of	   the	   compound.	   The	  total	   current	   passed	   during	   the	   oxidation/reduction	   process	   is	   established	   by	  measuring	  the	  area	  under	  the	  curve.48	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Figure	   1-­‐6:	   A	   cyclic	   voltammogram	   of	   ferrocene	   in	   0.1	   M	   TBAP/CH2Cl2	  demonstrating	   a	  
single	  reversible	  electron	  transfer	  process	  (as	  carried	  out	  using	  a	  1.6	  mm	  dia.	  platinum	  disc	  
electrode).	  	  	  
1.5.3 Fabrication	  of	  Oligomers	  and	  Conductivity	  Measurements	  Using	  
a	  Four-­‐point	  Probe	  	  A	   four-­‐point	   probe	   can	   be	   used	   to	   measure	   the	   sheet	   resistance	   of	   any	   given	  material.	   Once	   the	   resistivity	   has	   been	   determined	   by	   such	   means	   then	   the	  conductivity	   of	   the	   material	   in	   question	   can	   be	   calculated.	   To	   measure	   the	  resistivity,	   the	   fabrication	   of	   an	   oligomer/polymer	   film/sheet	   is	   required.	   Drop-­‐casting,	   spin-­‐coating	   and	   electrochemical	   deposition	   can	   all	   be	   used	   for	   such	  purposes	   but	   which	   one	   is	   favoured	   depends	   on	   the	   intended	   purpose	   of	   the	  compound	   and	   its	   physical	   properties.	   Drop-­‐casting	   involves	   dissolving	   the	  oligomer/polymer	   in	   a	   solvent	   and	   applying	   the	   resulting	   solution	   onto	   the	  substrate	  (e.g.	  a	  quartz	  or	  silica	  wafer)	  then	  allowing	  the	  solvent	  to	  evaporate.	  The	  thickness	  of	  the	  film	  so	  formed	  can	  be	  controlled	  by	  varying	  the	  concentration	  of	  the	  solution	  used	  and	  through	  the	  application	  layering	  techniques.	  However,	  drop-­‐casting	   often	   results	   in	   uneven	   surfaces	   and	   an	   attendant	   variation	   in	   film	  thickness.	   Spin-­‐coating	   can	   also	   be	   used	   to	   generate	   films	   and	   has	   seen	   wide	  application	  in	  semiconductor	  production.	  Advantageously,	  it	  generates	  a	  relatively	  uniform	  surface	  and	  the	  thickness	  of	  the	  film	  can	  be	  controlled	  by	  both	  the	  speed	  
Epc	  
Epa	  
Fe
Ferrocene
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11	  and	   duration	   of	   the	   spinning	   process	   as	  well	   as	   the	   nature	   of	   the	   substrate,	   the	  solvent(s)	  used	  and/or	  the	  concentration	  of	  the	  oligomer/polymer	  solution	  used.	  Clearly	  the	  amount	  of	  material	  needing	  to	  be	  used	  will	  be	  dictated	  by	  the	  thickness	  of	  the	  film	  required.	  	  	  
1.6 Possible	  Ways	  of	  Linking	  Pyrrole	  Subunits	  	  Pyrroles	  can	  be	  linked	  to	  one	  another	  through	  either	  the	  α-­‐	  or	  β-­‐positions	  (Figure	  1-­‐7).	  Thus,	  for	  any	  given	  pair	  of	  pyrroles,	  there	  are	  three	  ways	  of	  joining	  them	  to	  one	   another	   and	   so	   forming	   either	   the	   α,α’-­‐linked	   system	   18,	   the	   α,β’-­‐linked	  system	  19,	  or	  the	  β,β’-­‐linked	  system	  20.	  	   	  
	  
Figure	  1-­‐7:	  	  The	  three	  different	  modes	  of	  linking	  a	  pyrrolic	  pair.	  
	  	  
1.7 Modern	  Transition	  Metal-­‐mediated	  Cross-­‐coupling	  Reactions	  	  C−C	  bond	  formation	  is	  arguably	  the	  most	  important	  process	  in	  organic	  synthesis.	  The	   advent	   of	   cross-­‐coupling	   protocols	   that	   allow	   for	   such	   bond-­‐forming	   events	  has	  had	  a	  huge	  impact	  on	  the	  field.	  Cross-­‐coupling	  reactions	  normally	  involve	  the	  use	  of	  a	  transition	  metal	  catalyst,	  most	  commonly	  involving	  Pd,	  but	  sometimes	  Ni	  or	  Cu.	  In	  2010,	  Richard.	  F.	  Heck,	  Ei-­‐ichi	  Negishi	  and	  Akira	  Suzuki	  were	  awarded	  the	  Nobel	   Prize	   in	   Chemistry	   for	   their	   developments	   of	   “palladium-­‐catalysed	   cross-­‐couplings	  in	  organic	  synthesis”.	  This	  accolade	  serves	  to	  highlight	  the	  importance	  of	  C−C	   bond	   forming	   processes.49	   The	   following	   sections	   detail	   the	   Suzuki-­‐Miyaura	  and	   Ullmann	   cross-­‐coupling	   reactions	   as	   representative	   examples	   of	   such	   C−C	  bond	   forming	   protocols	   and	   these	   are	   highlighted	   because	   of	   their	   use	   by	   the	  author	  in	  the	  main	  body	  of	  the	  work	  reported	  in	  Chapters	  Two	  to	  Four.	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1.7.1 The	  Suzuki-­‐Miyaura	  Cross-­‐coupling	  Reaction	  	  	  The	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	   is	   one	   of	   the	   most	   popular	   for	   the	  formation	  of	   the	  C−C	   single	   bond.	   The	   reaction	  was	   first	   reported	   in	   1979	  by	  A.	  Suzuki	   and	  N.	  Miyaura	   and	  used	   in	   the	   stereoselective	   synthesis	   of	   arylated	   (E)-­‐alkenes	   (24)	   through	   reaction	   of	   an	   arylhalide	   and	   organoboron	   23,	   the	   latter	  being	  derived	  from	  acetylene	  21	  and	  bis(1,2-­‐dimethylpropyl)borane	  22	  as	  shown	  in	  Scheme	  1-­‐2.50	  This	  coupling	  method	  has	  distinct	  advantages	  over	  others	  due	  to	  the	  low	  toxicity	  associated	  with	  organoboron	  reagents	  and	  their	  ease	  of	  handling.	  	  	  
 
Scheme	  1-­‐2:	  The	  general	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction.50	  	  Despite	   such	   advantageous	   features,	   the	   title	   reaction	   has	   been	   applied	   in	   only	  very	   limited	  ways	   to	   the	   synthesis	  of	   oligopyrroles.	   For	   instance,	   compounds	  25	  and	  26	  were	  subjected	  to	  a	  two-­‐fold	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  in	  the	  presence	   of	   Pd(PPh3)4	  and	   so	   affording	   tripyrrole	  27,	   albeit	   in	   trace	   amounts.51	  Product	  27	   proved	   to	   be	   a	   refractory	   one,	   turning	   slowly	   from	  yellow	   to	   brown	  upon	  exposure	  to	  air.	  	  	   	  
	  
Scheme	  1-­‐3:	  Example	  of	  the	  application	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  to	  
the	  synthesis	  of	  an	  α,α’,α’’-­‐linked	  tripyrrole.	  	  In	   the	   mechanistic	   terms,52	   the	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	   starts	  (Scheme	   1-­‐4)	   with	   the	   oxidative	   addition	   of	   an	   organic	   halide	  29	   to	   the	   Pd[0]-­‐complex	  28	   to	  the	  form	  Pd[ΙΙ]	  species	  30.	  This	  last	  species	  undergoes	  metathesis	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13	  with	   base	   31	   to	   form	   the	   palladium	   species	  33.	   The	   added	   base	   also	   serves	   to	  activate	  the	  organoboron	  compound	  34	  by	  forming	  dialkylboronate	  35.	  In	  the	  next	  step,	   the	  Pd[II]	   complex	  33	  undergoes	   transmetallation	  with	  complex	  35	   to	  give	  intermediate	  37	  that	  itself	  engages	  in	  a	  reductive	  elimination	  reaction	  to	  form	  the	  new	  C−C	  bond-­‐containing	  product	  38	  (and	  simultaneously	  regenerating	  the	  Pd[0]-­‐complex	  28	  that	  re-­‐enters	  the	  catalytic	  cycle).	  	  	   	  
	  
Scheme	  1-­‐4:	  The	  generally	  accepted	  mechanism	  for	  Suzuki-­‐Miyaura	  cross-­‐coupling	  
reaction.	  	  
1.7.2 The	  Ullmann	  Cross-­‐coupling	  Reaction	  	  The	  title	  cross-­‐coupling	  reaction	  was	  first	  reported	  by	  F.	  Ullmann	  in	  1901.53	  This	  involves	   the	  cross	   linking	  of	  aryl	  halides	  39	   and	  40	   in	   the	  presence	  of	  copper	  at	  high	  temperature	  (Scheme	  1-­‐5).	  However,	   the	  homo-­‐coupling	  of	  one	  or	  other	  (or	  both)	  of	  the	  starting	  halides	  often	  represents	  a	  significant	  competing	  process.	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Scheme	  1-­‐5:	  The	  general	  Ullmann	  cross-­‐coupling	  reaction.	  	  More	  recently,	  Banwell	  et	  al.54	  reported	  the	  Pd[0]-­‐catalysed	  variant	  of	  the	  Ullmann	  cross-­‐coupling	   reaction	   (Scheme	   1-­‐6).	   So,	   by	   using	   either	   freshly	   prepared	  dendritic	  copper	  or	  copper	  nanoparticles	  together	  with	  a	  Pd[0]-­‐catalyst	   in	  DMSO	  at	  close	  to	  18	  °C,	  this	  group	  was	  able	  to	  effect	  the	  desired	  cross-­‐coupling	  reaction	  without	   significant	   amounts	   of	   either	   of	   the	   corresponding	   homo-­‐coupling	  products	   being	   observed.	   For	   example,	   on	   treating	   1-­‐iodo-­‐2-­‐nitrobenzene	   (42)	  with	  2	  equiv.	  of	  bromolactone	  43	  in	  the	  presence	  of	  freshly	  activated	  copper	  dust	  in	  DMSO	  and	  using	  Pd2(dba)3	  as	  catalyst	  then	  the	  target	  cross-­‐coupling	  product	  44	  was	  obtained	  in	  77%	  yield.55	  	   	  
	  
Scheme	  1-­‐6:	  A	  Pd[0]-­‐catalysed	  Ullmann	  cross-­‐coupling	  reaction.	  	  	  
1.8 Aims	  of	  the	  Research	  Described	  in	  this	  Thesis	  	  The	  work	  described	   in	   this	  Thesis	  was	  undertaken	  with	   the	  aim	  of	  pursuing	   the	  synthesis	   of	   a	   wide	   range	   of	   chemically	   well-­‐defined	   and	   biocompatible	  oligopyrroles	   for	   tissue	   engineering	   applications.	   Metal-­‐catalysed	   cross-­‐coupling	  reactions	  were	  considered	   likely	   to	  serve	  as	   the	  key	  means	   for	   the	   linking	  of	   the	  requisite	  pyrrole	  residues	  to	  one	  another	  and	  so	  forming	  oligopyrroles	  that	  could	  then	  be	  subjected	  to	  oxidative	  polymerisation.	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15	  Specifically,	   then,	   the	  aim	  of	   the	  present	  work	  was	   to	  generate	  various	   forms	  of	  sexipyrroles	  that	  embody	  α,α’-­‐linked	  (45),	  β,β’-­‐linked	  (46)	  or	  α,β’,α’-­‐linked	  (47)	  systems	  (Figure	  1-­‐8).	  It	  was	  thought	  that	  additional	  structural	  variability	  could	  be	  achieved	  by,	   for	   example,	   synthesising	   sexipyrroles	   that	   are	  α,α’-­‐linked	  with	   an	  α,β’,α’-­‐insert	   (48),	   are	   α,α’-­‐linked	   system	   with	   a	   β,β’-­‐insert	   (49)	   or	   are	   α,β’,α’-­‐linked	  system	  with	  a	  α,α’-­‐insert	  (50).	  The	  inclusion	  of	  “capping”	  groups	  X	  and	  R	  were	   thought	   essential	   to	   reduce	   the	   reactivity	   of	   pyrrole	   and	   so	   allow	   for	  execution	  of	  a	  wider	  range	  of	  reactions	  in	  higher	  yield.	  Specifically,	  for	  R,	  Boc	  was	  proposed	  as	  an	  appropriate	  N-­‐capping	  group	  because	  of	  its	  electron-­‐withdrawing	  properties	   and	   its	   likely	   ease	   of	   removal	   under	   a	   various	   condition.	   For	   X,	   an	  aldehyde	  moiety	  was	  also	  considered,	  since	  it	  can	  be	  easily	  converted	  into	  other	  functional	  groups	  and	  the	  presence	  of	  such	  a	  group	  in	  the	  final	  sexipyrrole	  could	  be	   used	   to	   anchor	   the	   system	   to	   a	   surface	   or	   for	   conjugation	   with	   biological	  systems.20	  	   	  
	  
Figure	  1-­‐8:	  Target	  structures	  45	  to	  50.	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16	  Accordingly,	   Chapter	   Two	   of	   this	   thesis	   describes	   the	   initial	   approach	   employed	  for	   the	   synthesis	   of	   α,α’-­‐linked	   sexipyrrole	   of	   the	   form	   51	   (a	   specific	   variant	   of	  compound	  45)	  with	  the	  focus	  being	  on	  attempts	  to	  prepare	  various	  synthons	  and	  intermediates.	  	  	   	  
	  
Figure	  1-­‐9:	  Target	  compound	  51	  in	  Chapter	  Two.	  	  Chapter	  Three	  describes	   successful	   syntheses,	  via	   Suzuki-­‐Miyaura	  cross-­‐coupling	  reactions,	   of	   a	   chemically	   well-­‐defined	   sexipyrroles	   incorporating	   a	   phenylene	  spacer	  (such	  as	  seen	  in	  compounds	  52,	  53	  and	  54).	  	  	   	  
	  
Figure	  1-­‐10:	  Target	  compounds	  52,	  53	  and	  54	  discussed	  in	  Chapter	  Three.	  	  Chapter	   Four	   details	   explorations	   of	   the	   scope	   of	   the	   procedures	   described	   in	  Chapter	  Three	  while	  the	  following	  one	  (Chapter	  Five)	  outlines	  the	  electrochemical	  studies	   of	   various	   of	   the	   compounds	   synthesised	   by	   the	   protocols	   reported	   in	  Chapters	  Three	  and	  Four.	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2 CHAPTER	  TWO	  First-­‐Generation	  Approach	  to	  Sexipyrroles	  	  
 
2.1 Introduction	  	  As	   noted	   in	   Chapter	  One,	   there	   is	   a	   lack	   of	   useful	  methodology	   available	   for	   the	  preparation	   of	   chemically	   well-­‐defined	   sexipyrroles.	   The	   work	   described	   in	   this	  Chapter	  was	  carried	  out	  with	   the	   intention	  of	  preparing	  such	  systems,	  especially	  α,α’-­‐linked	  ones	  of	  the	  general	  form	  compound	  45.	  Modern	  metal-­‐catalysed	  cross-­‐coupling	  protocols	  were	  thought	  likely	  to	  provide	  the	  key	  and	  the	  best	  means	  for	  achieving	  such	  targets.	  	   	  
	   	  
Figure	  2-­‐1:	  Target	  compound	  45.	  	  
 
2.2 Previous	  Studies	  on	  the	  Synthesis	  of	  Oligopyrroles	  	  No	  syntheses	  of	  α,α’-­‐linked	  sexipyrroles	   lacking	   substituents	  at	  outer	  β-­‐positions	  have	  been	  reported	  to	  date.	  However,	  syntheses	  of	  the	  related	  sexipyrrole	  55	  and	  the	  pentapyrrole	  56	  (Figure	  2-­‐2)	  have	  been	  described	  and	  details	  of	  these	  are	  now	  presented.	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Figure	  2-­‐2:	  Structures	  of	  compounds	  55	  and	  56.	  
 
2.2.1 Synthesis	  of	  Tri-­‐	  and	  Sexi-­‐pyrroles	  	  In	   2005,	   Sessler	   and	   co-­‐workers	   reported	   the	   preparation	   of	   the	   simple	   linear	  sexipyrrole	   55	   from	   tripyrrole	   diester	   57	   (Scheme	   2-­‐1).56	   This	   began	   with	   the	  mono-­‐saponification	  of	  compound	  57	   followed	  by	  a	  decarboxylation	  reaction	  and	  thus	   generating	   congener	  58.	  Mono-­‐ester	  58	   was	   dissolved	   in	   dichloromethane	  and	  the	  resulting	  solution	  treated	  with	  potassium	  ferricyanide	  in	  the	   presence	  of	  saturated	   aqueous	   sodium	   bicarbonate.	   This	   afforded	   the	   dimeric	   but	   rather	  unstable	   sexipyrrole	  59,	   sodium	   borohydride-­‐mediated	   reduction	   of	  which	   gave	  the	  related	  sexipyrrole	  55.	  This	   last	  product	  was	   fully	  substituted	  at	   the	  outer	  β-­‐positions	   (to	  avoid	  unwanted	  side	  products)	  and	  served	   to	   increase	   its	   shelf	   life.	  However,	   such	   species	   have	   rather	   poor	   stabilities	   and,	   as	   a	   consequence,	   only	  very	  basic	   spectroscopic	   techniques	   could	  be	  employed	   in	   their	   characterisation.	  This	  approach	  also	  imposes	  significant	  limitations	  on	  the	  ability	  to	  vary	  the	  nature	  of	  the	  linkage	  between	  the	  adjacent	  pyrrole	  monomers.	  Specifically,	  incorporating	  pyrrole	  units	  so	  as	  to	  construct	  a	  α,β-­‐linked	  systems,	  would	  be	  challenging.	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Scheme	  2-­‐1:	  Reagents	  and	  conditions	  (a)	  NaOH,	  EtOH,	  CF3COOH,	  reflux,	  12	  h;	  (b)	  K3FeCN6,	  Na2CO3,	  CH2Cl2,	  r.t.,	  20	  min;	  (c)	  NaBH4,	  THF,	  r.t.,	  1	  h.	  
	  	  
2.2.2 Synthesis	  of	  Pentapyrroles	  	  	  In	  2010,	  Robles-­‐Machín	  and	  his	  co-­‐workers	  reported	  a	  synthesis	  of	  pentapyrrole	  
56	  from	  N-­‐benzylpyrrole-­‐2,5-­‐dicarbaldehyde	  (60)	  (Scheme	  2-­‐2).19	  	  Thus,	  the	  latter	  compound	  was	  subjected	  to	  a	  Schiff	  base	  condensation	  reaction	  to	  give	  bis-­‐imine	  
61	   that	   was	   itself	   reacted	   in	   a	   [3	   +	   2]	   cycloaddition	   reaction	   with	   (E)-­‐1,2-­‐bis(phenylsulfonyl)ethene	   to	   give	   bis-­‐adduct	   62.	   This	   was	   not	   isolated	   but	  converted	  into	  the	  compound	  63	  on	  treatment	  with	  a	  copper(I)	  salt	  and	  the	  non-­‐nucleophilic	  base	  DBU.	  Bis-­‐ester	  63	  was	  itself	  N-­‐benzyl	  protected	  then	  reduced	  to	  the	   corresponding	   diol	   that	   was	   oxidised	   (with	   manganese	   dioxide)	   to	   give	  dialdehyde	  64.	  Finally,	  compound	  64	  was	  engaged	  in	  a	  second	  iteration	  of	  the	  just	  described	  double	  pyrrole	  ring	  condensation	  process	   to	  generate	  pentapyrrole	  56	  as	  the	  targeted	  product	  in	  47%	  yield.	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Scheme	  2-­‐2:	  Reagents	  and	  conditions	  (a)	  glycine	  methyl	  ester	  hydrochloride,	  Et3N,	  EtOH,	  SiO2,	  r.t.,	  2	  h;	  (b)	  (E)-­‐1,2-­‐bis(phenylsulfonylethylene),	  [Cu(CH3CN)4][PF6],	  PPh3,	  Et3N,	  DBU,	  CH2Cl2,	  4	  Å	  molecular	  sieves,	  r.t.,	  0.5	  h;	  (c)	  BnBr,	  NaH,	  DMF,	  r.t.,	  12	  h;	  (d)	  LiAlH4,	  THF,	  0	  °C,	  3	  h;	  (e)	  MnO2,	  acetone,	  r.t.,	  14	  h.	  
	  	  
2.3 Synthetic	  Strategy	  Associated	  with	  the	  Present	  Work	  	  The	  initial	  approach	  taken	  by	  the	  author	  in	  developing	  a	  synthesis	  of	  a	  sexipyrrole	  of	  the	  general	  form	  compound	  45	  was	  based	  on	  use	  of	  various	  palladium-­‐catalysed	  cross-­‐coupling	  reactions	  of	  pyrroles	  carried	  out	  over	   the	   last	  decade	  or	  so	   in	   the	  Banwell	   Group.	   Given	   the	   pivotal	   nature	   of	   this	   earlier	   research	   to	   the	   author’s	  work	  some	  details	  of	  it	  are	  presented	  immediately	  below.	  	  
2.3.1 Banwell’s	  Synthesis	  of	  the	  4,5-­‐Diarylated-­‐1H-­‐pyrrole-­‐2-­‐
carboxylate	  73	  	  In	   2006,	   Banwell	   et	   al.	   reported	   a	   synthesis	   of	   the	   4,5-­‐diarylated-­‐1H-­‐pyrrole-­‐2-­‐carboxylate	  73	  that	  was	  expected	  to	  be	  a	  potent	  anti-­‐mitotic	  agent	  on	  the	  basis	  of	  its	  structural	  similarities	  to	  the	  biologically	  active	  marine	  alkaloid	  lamellarin	  T	  (74)	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21	  (Scheme	  2-­‐3).57	   In	   generating	   compound	  73	   a	   number	   of	   pivotal	   reactions	  were	  employed.	   Specifically,	   these	   were	   a	   lithium-­‐for-­‐halogen	   exchange	   reaction	   of	  compound	  68	   with	   phenyllithium	   as	   well	   as	   Negishi	   and	   Suzuki-­‐Miyaura	   cross-­‐coupling	  reactions.	  The	  TFA-­‐promoted	  removal	  of	  the	  N-­‐PMB	  group	  was	  the	  final	  step	  of	  synthesis.	  So,	  the	  reaction	  sequence	  started	  with	  N-­‐protection	  of	  pyrrole	  65	  using	  p-­‐methoxybenzyl	   chloride	   (66).	   The	   protected	   pyrrole,	  67,	   so	   formed	  was	  then	   converted,	   under	   conventional	   conditions,	   into	   the	   dibromide	  68	   that	   was	  itself	   subjected	   to	   a	   regioselective	   lithium-­‐for-­‐bromine	   exchange	   reaction	   using	  phenyllithium	  and	  the	  product	  of	  this	  process	  trans-­‐metallated	  with	  ZnCl2.	  Cross-­‐coupling	   of	   the	   ensuing	   zincated	   species	   with	   aryliodide	   69	   in	   the	   presence	   of	  Pd(PPh3)4	  then	  gave	  compound	  70	  and	  Suzuki-­‐Miyaura	  cross-­‐coupling	  of	  this	  last	  species	  with	  the	  boronic	  acid	  71	  afforded	  the	  diarylated	  pyrrole	  72	  with	  52%	  yield.	  The	   associated	   PMB	   group	   was	   cleaved	   under	   acidic	   conditions58	   and	   thereby	  affording	  target	  73	  in	  62%	  yield.	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Scheme	  2-­‐3:	  Reagents	  and	  conditions	  (a)	  NaOH,	  CH2Cl2,	  18	  °C,	  16	  h;	  (b)	  NBS,	  DMF,	  0	  to	  18	  
°C,	  16	  h;	  (c)	  (i)	  PhLi,	  ZnCl2,	  THF,	  −78	  °C,	  5	  min,	  (ii)	  compound	  69,	  Pd(PPh3)4,	  −78	  to	  66	  °C,	  50	  h;	  (d)	  Pd(PPh3)4,	  Na2CO3,	  DMA,	  90	  °C,	  110	  h;	  (e)	  anisole,	  TFA:CH2Cl2	  (1:4	  v/v),	  37	  °C,	  48	  h.	  
 
2.3.2 Banwell’s	  Synthesis	  of	  Tambjamine	  J	  (80)	  	  In	   2007,	   Banwell	   et	   al.	   reported	   a	   synthesis	   of	   the	   marine	   natural	   product	  tamjamine	  J	  (80).59	  Once	  again,	  a	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  was	  the	  key	  step	  involved.	  Thus,	  boronic	  acid	  ester	  75	  was	  coupled	  with	  azafulvene	  76	  to	  afford	  a	  mixture	  of	  the	  bipyrrole	  77	  (23%)	  and	  its	  deprotected	  congener	  78	  (60%)	  (Scheme	  2-­‐4).	   The	   former	  product	   could	  be	   completely	   converted	   into	   the	   latter	  
N
H
CO2Me
Cl
OMe
N CO2Me
OMe
+
75%
65 66 67
N CO2Me
OMe
b       83%
Br
Br
I
MeO
TBDMSO
N CO2Me
OMe
Br
MeO
TBDMSOOMe
MeO
MeO B(OH)2
+
N CO2Me
OMe
MeO
TBDMSO
OMeMeO
MeO
N
H
CO2Me
MeO
HO
OMeMeO
MeO
a
  c     56%
d     52%
e
62%
68 69
7071
7273
N
MeO
MeO
OH
MeO
MeO
O
O
MeO OH
74
[Lamellarin T ]
+
Chapter	  Two	  
	  
	   	  
23	  simply	   by	   heating	   in	   xylene	   and	   so	   effecting	   the	   cracking	   of	   the	   associated	   Boc-­‐protecting	   group.	   Treatment	   of	   the	   bipyrrole	   78	   thus	   obtained	   with	   freshly	  prepared	  pyridinium	  hydrobromide	  perbromide60	   then	  gave	   the	  desired	  product	  
79.	   When	   treated	   with	   the	   2-­‐methylbutylamine	   in	   the	   presence	   of	   acetic	   acid	  compound	   79	   underwent	   a	   Schiff-­‐base	   condensation	   reaction	   to	   generate	   the	  targeted	  natural	  product,	  namely	  tambjamine	  J	  (80).	  	  	  
 
Scheme	   2-­‐4: Reagents	   and	   conditions	   (a)	   Pd(dppf)Cl2!CH2Cl2,	   Na2CO3,	   1,4-­‐dioxane,	   H2O,	  100	   °C,	   15	   h;	   (b)	   xylene,	   reflux,	   1	   h;	   (c)	   Pyr!HBr3,	   THF,	   −78	   to	   18	   °C,	   2	   h;	   (d)	   2-­‐methylbutylamine,	  AcOH,	  DCE,	  18	  °C,	  4	  h. 
 
 
2.4 Proposed	  Synthetic	  Approach	  to	  Sexipyrrole	  51	  	  Given	   the	  extensive	  experience	  of	   the	  Banwell	  Group	   in	  preparing	  pyrrole-­‐based	  synthons,	   including	   those	   detailed	   immediately	   above,	   it	   was	   thought	   that	   such	  protocols	   could	   be	   modified	   to	   generate	   a	   wide-­‐range	   of	   differentially	  functionalised	  oligopyrroles.	  	  The	  retrosynthetic	  analysis	  shown	  below	  in	  Figure	  2-­‐3	  defines	  a	  possible	  approach	  to	  the	  α,α’-­‐linked	  system	  51	  (an	  explicit	  form	  of	  the	  more	  generalised	  structure	  45	  shown	   earlier).	   Thus,	   it	   was	   envisaged	   this	   could	   be	   prepared	   using	   a	   two-­‐fold	  Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	   of	   bipyrrole	   81	   with	   the	   di-­‐iodinated	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24	  bipyrrole	  82.	  Both	  reaction	  partners	  would	   incorporate	  Boc-­‐protecting	  groups	  at	  nitrogen.	  The	  former	  partner	  (81)	  was	  thought	  likely	  to	  be	  accessible	  via	  a	  Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	  of	   compounds	  83a	   and	  75,	  while	   compound	  82	  could	  be	  derived	  by	  similar	  means	   from	  the	  monopyrrolic	  precursors	  84	   and	  75	  followed	  by	  a	  two-­‐fold	  iodo-­‐desilylation	  reaction.	  	  	   	  
	  
Figure	  2-­‐3:	  [2	  +	  2	  +	  2]-­‐Based	  synthetic	  route	  to	  sexipyrrole	  51.	  	  An	   alternative	   approach	   to	   compound	   51	   would	   involve	   the	   cross-­‐coupling	  reaction	   of	   the	   tripyrroles	   85	   and	   86	   (Figure	   2-­‐4)	   that	   would	   themselves	   be	  prepared	   through	   using	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reactions.	   Conceptually	  similar	   strategies	   involving	   the	   [2	   +	   2	   +	   2]	  with	   [3	   +	   3]	   approaches	   just	   defined	  could	  also	  be	  applied	  to	  the	  synthesis	  of	  α,β-­‐linked	  and	  related	  systems.	  Clearly	  the	  successful	   implementation	   of	   any	   of	   these	   approaches	   depends	   on	   an	   ability	   to	  construct	  the	  relevant	  mono-­‐	  and	  bi-­‐pyrrolic	  synthons.	  Relevant	  synthetic	  details	  are	  provided	  in	  the	  following	  sections. 
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Figure	  2-­‐4:	  [3	  +	  3]-­‐Based	  synthetic	  route	  to	  sexipyrrole	  51.	  
 
 
2.5 	  Synthetic	  Work	  	  
2.5.1 Preparation	  of	  Key	  Boronic	  Acid	  Ester	  75	  	  A	   key	   synthon	   required	   for	   the	   assembly	   of	   bipyrrole	   81	   associated	   with	   the	  proposed	  [2	  +	  2	  +	  2]	  approach	  (Figure	  2-­‐3)	  to	  sexipyrrole	  51	  is	  the	  boronic	  acid	  75	  and	   this	   proved	   to	   be	   readily	   accessible	   by	   the	   pathway	   shown	   in	   Scheme	   2-­‐5.	  Thus,	   commercially	   available	  N-­‐Boc	   pyrrole	   (87)	  was	   readily	   converted	   into	   di-­‐bromo-­‐N-­‐Boc	  pyrrole	  25,61	  and	   this,	   in	   turn,	  was	  subjected	   to	  conditions	  defined	  by	  Fürstner	  et	  al.62	  and	   involving	   its	  mono-­‐lithiation	  with	  n-­‐BuLi	  and	   trapping	  of	  the	   ensuing	   organometallic	   with	   trimethylsilyl	   chloride.	   By	   such	   means	   the	  previously	  reported	  C-­‐2	  silyated	  pyrrole	  8863	  was	  obtained	  in	  92%	  yield.	  Miyaura	  borylation	  of	  the	  last	  compound	  using	  pinacolborane	  then	  gave	  target	  75.59	  	   	  
	  
Scheme	  2-­‐5:	  Reagents	  and	  conditions	  (a)	  NBS,	  THF,	  −78	  to	  18	  °C,	  6.5	  h;	  (b)	  n-­‐BuLi,	  TMSCl,	  Et2O,	  −78	  to	  18	  °C,	  6	  h;	  (c)	  Pd(dppf)Cl2!CH2Cl2,	  Et3N,	  pinacolborane,	  1,4-­‐dioxane,	  80	  °C,	  24	  h.	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2.5.2 	  Preparation	  of	  Iodide	  83a	  	  The	  next	  stage	  of	  the	  synthesis	  required	  compound	  83a	  as	  a	  coupling	  partner.	  The	  preparation	  of	  this	  was	  first	  attempted	  using	  a	  protocol	  reported	  by	  L'Helgoual'c	  et	  
al.64	   However,	   the	   necessary	   C-­‐5	   functionalisation	   of	  N-­‐Boc	   protected	   pyrrole-­‐2-­‐carboxaldehyde	   (89)	   could	   not	   be	   achieved.	   Accordingly,	   pyrrole-­‐2-­‐carboxaldehyde	  (89)	  itself	  was	  iodinated	  using	  a	  mixture	  of	  NaI	  and	  I2	  and	  the	  C-­‐4	  iodinated	   product	   90	   thereby	   obtained	   in	   73%	   yield.65	   Pyrrole	   90	   was	   then	  protected	  at	  nitrogen	  under	  standard	  conditions	  and	  the	  required	  pyrrole	  83	  thus	  formed	  in	  84%	  yield.66	  	  	   	  
	  
Scheme	  2-­‐6:	  Reagents	  and	  conditions	  (a)	  NaHCO3,	  H2O,	  I2,	  NaI,	  DCE,	  18	  to	  50	  °C,	  2.5	  h;	  (b)	  NaH,	  Boc2O,	  THF,	  18	  °C,	  25	  h.	  	  
 
2.5.3 Synthesis	  of	  Intermediate	  81	  	  As	   depicted	   in	   the	   retrosynthetic	   analysis	   detailed	   earlier	   (Figure	   2-­‐3),	   it	   was	  envisioned	   that	   a	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	   could	   be	   used	   to	  assemble	   bipyrrole	   81	   from	   precursors	   83	   and	   75.	   However,	   reaction	   of	   these	  coupling	  partners	  in	  benzene	  with	  Pd(PPh3)4	  and	  using	  various	  bases	  failed	  to	  give	  the	  target	  compound	  (see	  Entries	  1-­‐3	  of	  Table	  2-­‐1).	  In	  contrast,	  as	  soon	  as	  a	  Pd(II)	  catalyst	   was	   used	   a	   small	   amount	   of	   the	   desired	   product	   was	   observed.	  Optimisation	   studies	   followed	   (Table	   2-­‐1)	   and	   the	   conditions	   defined	   in	   Entry	   7	  ultimately	  allowed	  bipyrrole	  91	  to	  be	  obtained	  in	  a	  serviceable	  77%	  yield.	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Table	  2-­‐1:	  The	  Suzuki-­‐Miyaura	  cross-­‐coupling	  of	  compounds	  83	  and	  75.	  
	  	  
Entry	   Reaction	  conditions	   Outcome	  
1	   10%	  Pd(PPh3)4,	  Na2CO3	  ,benzene:H2O	  (5:3	  v/v),	  70	  °C	   No	  Reaction	  
2	   2%	  Pd(PPh3)4,	  Et3N,	  THF:H2O	  (9:1	  v/v),	  μw,	  100	  °C	   No	  Reaction	  
3	  
2%	  Pd(PPh3)4,	  K2CO3,	  tetra-­‐n-­‐butylammonium	  bromide,	  toluene,	  μw,	  100	  °C67	   No	  Reaction	  
4	   10%	  Pd(dppf)Cl2!CH2Cl2,	  Et3N,	  THF:H2O	  (9:1	  v/v),	  100	  °C	   Trace	  
5	  
5%	  Pd(dppf)Cl2!	  CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  μw,	  40	  °C,	  2	  h	  68	   28%	  
6	  
10%	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  μw,	  40	  °C,	  3	  h	  	   12%	  
7	  
5%	  Pd(dppf)Cl2!CH2Cl2,	  Na2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  48	  h	   77%	  
 The	  300	  MHz	   1H	  NMR	  spectrum	  of	  bipyrrole	  91	   is	   shown	   in	  Figure	  2-­‐5	  and	   this	  revealed,	   inter	   alia,	   diagnostic	   signals	   associated	   with	   both	   the	   aldehyde	   and	  trimethylsilyl	   moieties.	   Thus,	   the	   aldehyde	   singlet	   observed	   at	   δ	   10.4	   is	   located	  further	  downfield	  than	  the	  corresponding	  one	  arising	  from	  the	  starting	  material	  (δ	  10.36)	  while	   the	   four	  doublets	   observed	   at	   δ	  7.40	   (J	  =	  1.5	  Hz),	   7.20	   (J	  =	  1.5	  Hz),	  6.45	   (J	   =	   3.2	   Hz),	   and	   6.23	   (J	   =	   3.2	   Hz),	   are	   assigned	   to	   C-­‐5,	   C-­‐3,	   C-­‐7	   and	   C-­‐8,	  respectively.	  The	  two	  singlets	  observed	  at	  δ	  1.65	  and	  1.40	  are	  assigned	  to	  the	  two	  Boc-­‐groups	  and	  that	  at	  δ	  0.28	  attributed	  to	  the	  TMS-­‐residue.	  The	  100	  MHz	  13C	  NMR	  spectrum	   displayed	   the	   expected	   sixteen	   carbon	   resonances	   and	   was	   fully	  consistent	  with	  the	  assigned	  structure.	  In	  addition,	  the	  EI	  mass	  spectrum	  displayed	  a	  molecular	   ion	   at	  m/z	   432	   and	   an	   accurate	  mass	  measurement	   on	   this	   species	  established	  that	  it	  was	  of	  the	  expected	  molecular	  composition,	  viz.	  C22H32N2O5Si.	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Figure	  2-­‐5:	  300	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  91	  
(recorded	  in	  CDCl3).	  	  In	  the	  next	  step	  of	  the	  reaction	  sequence,	  compound	  91	  was	  subjected	  to	  an	  ipso-­‐substitution	  reaction	  using	  ICl	  in	  carbon	  tetrachloride.69	  However,	  no	  evidence	  for	  the	  formation	  of	  the	  hoped-­‐for	  iodide	  92	  was	  obtained.	  As	  a	  result,	  bromination	  of	  compound	  91	  was	   effected	   instead	  and	   this	   could	  be	  done	  reasonably	  efficiently	  using	   freshly	   prepared	   pyridinium	   hydrobromide	   perbromide.60	   Compound	   93	  was	  thereby	  obtained	  in	  57%	  yield.	  	  	  
	  
Scheme	  2-­‐7:	  Reagents	  and	  conditions	  (a)	  ICl,	  CCl4,	  CH2Cl2,	  18	  °C,	  19	  h;	  (b)	  Pyr!HBr3,	  THF,	  −78	  to	  18	  °C,	  2	  h.	  	  The	  modest	   yield	   obtained	   in	   this	   ipso-­‐substitution	   reaction	   is	   likely	   due	   to	   the	  unstable	  nature	  of	  compound	  93.	  So,	  while	  it	  is	  (at	  least	  to	  some	  extent)	  stable	  in	  solution,	  neat	  samples	  were	  found	  to	  rapidly	  decompose.	  As	  a	  result,	  all	  efforts	  to	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29	  carry	   compound	   93	   forward	   as	   a	   means	   of	   obtaining	   compound	   81	   were	  abandoned.	  	  
2.5.4 Synthesis	  of	  Intermediate	  94	  	  The	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	   conditions	   established	   for	   the	  synthesis	  of	  compound	  91	  were	  applied	  to	  the	  linking	  of	  arylhalide	  88	  and	  boronic	  acid	  ester	  75.	  By	  such	  means,	  compound	  94	  was	  obtained	  in	  94%	  yield	  as	  a	  white,	  crystalline	  solid.	  	   	  
	  
Scheme	  2-­‐8:	  Reagents	  and	  conditions	  (a)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  6.5	  h.	  	  The	  300	  MHz	  1H	  NMR	  spectrum	  of	  compound	  94	   (Figure	  2-­‐6)	   featured	  mutually	  coupled	  doublets	  (J	  =	  3.2	  Hz)	  at	  δ	  6.42	  and	  6.17	  that	  are	  assigned	  to	  the	  β-­‐pyrrolic	  protons	  on	  each	  of	  the	  equivalent	  pyrrolic	  rings.	  	  	  
	  
Figure	  2-­‐6:	  300	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  94	  
(recorded	  in	  CDCl3).	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30	  Crystals	   of	   compound	   94	   suitable	   for	   single-­‐crystal	   X-­‐ray	   analysis	   were	   readily	  obtained	  and	  the	  derived	  ORTEP	  is	  shown	  in	  Figure	  2-­‐7.	  	  
 
Figure	  2-­‐7:	  ORTEP	  derived	  from	  the	  single-­‐crystal	  X-­‐ray	  analysis	  of	  bipyrrole	  94.	  	  The	  two-­‐fold	  ipso-­‐bromination	  of	  compound	  94	  was	  successfully	  carried	  out	  under	  the	  conditions	  employed	  for	  the	  conversion	  91→93	  described	  earlier	  (Scheme	  2-­‐7)	  and	   the	  dibrominated	  bipyrrole	  95	   thereby	  obtained	   in	  26%	  yield	  (Scheme	  2-­‐9).	  Compound	  95	   also	   proved	   to	   be	   rather	   unstable,	   turning	   red	   to	   black	   over	   time	  and	   after	   3	   days	   at	   18	   °C	   it	   had	   completely	   decomposed.	   As	   a	   result,	   and	   as	  highlighted	  immediately	  below,	  this	  compound	  proved	  to	  be	  an	  ineffective	  synthon	  in	  all	  subsequent	  studies,	  most	  likely	  because	  of	  its	  lack	  of	  stability.	  	  
	  
	  
Scheme	  2-­‐9:	  Reagents	  and	  conditions	  (a)	  Pyr!HBr3,	  THF,	  18	  °C,	  2	  h.	  	   
2.5.5 A	  Long	  Shot:	  Attempted	  Palladium-­‐Catalysed	  Ullmann	  Cross-­‐
coupling	  of	  Compounds	  93	  and	  95	  	  In	  a	  first	  attempt	  to	  assemble	  a	  sexipyrrole,	  a	  2:1	  mixture	  of	  compounds	  93	  and	  95	  was	  subjected	  to	  a	  palladium-­‐catalysed	  Ullmann	  cross-­‐coupling	  reaction	  (Scheme	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31	  2-­‐10)	   using	   the	   well-­‐developed	   procedures	   reported	   by	   Banwell	   et	   al.54,55	   The	  reaction	  was	  carried	  out	  on	  a	  ca.	  10	  mg	  scale	  and	  monitored	  by	  TLC	  and	  ESI	  mass	  spectrometry.	   Unfortunately,	   no	   evidence	   was	   obtained	   from	   the	   formation	   of	  targeted	  sexipyrrole	  186.	  	  	  
	  
Scheme	  2-­‐10:	  Reagents	  and	  conditions	  (a)	  Cu	  bronze,	  Pd(PPh3)4,	  1,4-­‐dioxane,	  105	  °C,	  24	  h.	  	  	  	  
2.6 Using	  A	  Different	  Protecting	  Group:	  Approach	  to	  an	  α,β’-­‐Linked	  
System	  	  Certain	   of	   the	   difficulties	   encountered	   in	   handling	   the	  N-­‐Boc	   protected	   pyrroles	  and	   bipyrroles	   described	   in	   the	   proceeding	   sections	   are	   attributed	   to	   the	   fragile	  nature	   of	   this	   protecting	   group.	   As	   such,	   an	   examination	   of	   a	   more	   robust	   one	  seemed	  warranted	  and	  the	  carbomethoxy	  moiety	  was	  chosen	  for	  this	  purpose.	  As	  part	   of	   the	   investigation	   into	   the	   use	   of	   other	   protecting	   groups,	   pyrrole-­‐2-­‐carboxaldehyde	  (89)	  was	  subjected	  to	  mono-­‐bromination	  and	  when	  NBS	  was	  used	  for	   their	   purpose	   then	   the	   known70	   C-­‐4	   halogenated	   product	   96	   was	   isolated.‡	  However,	   contrary	   to	  expectations,	  when	  compound	  96	  was	   treated	  with	  methyl	  chloroformate	   in	   the	  presence	  of	   tetra-­‐n-­‐butylammonium	   iodide	   (TBAI)	   then	   the	  
N-­‐methylated	   product	  96	   and	   not	   the	  N-­‐carboxymethylated	   compound,	  97,	   was	  obtained.71	   We	   speculate	   that	   the	   lone	   pair	   of	   electrons	   on	   the	   nitrogen	   in	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ‡	  Given	   the	   location	   of	   the	   bromine	   in	   this	   product	   it	   was	   clearly	   going	   to	   serve	   as	  precursor	  to	  the	  α,β-­‐linked	  oligopyrroles.	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32	  compound	   96	   attacked	   the	   methyl	   of	   the	   methyl	   chloroformate,	   with	  accompanying	  loss	  of	  CO2	  and	  chloride	  ion	  and	  so	  generating	  the	  methyl-­‐protected	  compound	  98.	   The	   100	  MHz	   13C	   NMR	   spectrum	   of	   compound	  98	   displayed	   the	  expected	   six	   resonances	   with	   that	   due	   to	   the	   newly	   introduced	   methyl	   carbon	  appearing	  at	  δ	  36.8.	  The	  EI	  mass	  spectrum	  displayed	  a	  molecular	   ion	  at	  m/z	  189	  and	   an	   accurate	   mass	   measurement	   on	   this	   species	   established	   it	   was	   of	   the	  expected	   composition,	   viz.	   C6H681BrNO.	   These	   and	   all	   other	   data	   acquired	   on	  compound	  98	  matched	  those	  reported	  in	  the	  literature.72	  	  	  	  
	  
Scheme	  2-­‐11:	  Reagents	  and	  conditions	  (a)	  NBS,	  THF,	  −78	  to	  18	  °C,	  1	  h;	  (b)	  K2CO3,	  TBAI,	  methyl	  chloroformate,	  DMF,	  0	  to	  18	  °C,	  16.5	  h.	  	  Gratifyingly,	  a	  successful	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  of	  compound	  98	  with	   boronate	   ester	   75	   could	   be	   achieved	   (Table	   2-­‐2)	   although	   a	   significant	  amount	  of	  optimisation	  was	  required	  to	  obtain	  useful	  yields	  of	  the	  desired	  product	  
99	  (see	  Entry	  7).	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Table	  2-­‐2:	  The	  Suzuki-­‐Miyaura	  cross-­‐coupling	  of	  compounds	  98	  and	  75.	  
	  
Entry	   Reaction	  condition	   Outcome	  
1	   5%	  Pd(PPh3)4,	  Na2CO3,	  DMF:H2O	  (10:3	  v/v),	  50	  °C,	  2	  h	   No	  Reaction	  
2	   5%	  Pd(PPh3)4,	  Na2CO3,	  DMF:H2O	  (10:3	  v/v),	  98	  °C,	  16.5	  h	   No	  Reaction	  
3	   5%	  Pd(PPh3)4,	  Na2CO3,	  DME:H2O	  (10:0.8	  v/v),	  85	  °C,	  2	  h	   No	  Reaction	  
4	   5%	  Pd(PPh3)4,	  Na2CO3,	  DME:H2O	  (10:0.8	  v/v),	  85	  °C,	  4	  h	   No	  Reaction	  
5	  
5%	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  μw,	  40	  °C,	  3	  h	   9%	  
6	  
5%	  Pd(dppf)Cl2!CH2Cl2,	  1,4-­‐dioxane,	  70	  °C	  then	  K2CO3,	  	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  20	  °C,	  16	  h	   3%	  (92%	  SM)	  
7	  
5%	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  50	  °C,	  4	  h	   62%	  yield	  	  
	  The	  structure	  of	  compound	  99	  was	  confirmed	  by	  single-­‐crystal	  X-­‐ray	  analysis	  and	  the	  derived	  ORTEP	  is	  shown	  in	  Figure	  2-­‐8.	  	  
	  
Figure	  2-­‐8:	  ORTEP	  derived	  from	  the	  single-­‐crystal	  X-­‐ray	  analysis	  of	  compound	  99.	  	  When	   bipyrrole	   99	   was	   subjected	   to	   the	   standard	   ipso-­‐bromination	   conditions	  used	  earlier	  then	  the	  desired	  product	  100	  was	  obtained	  in	  56%	  yield	  (Scheme	  2-­‐12).	  Given	  the	  lack	  of	  a	  useful	  outcome	  in	  attempts	  to	  convert	  compound	  100	   into	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34	  the	   corresponding	   pinacolatoboronate	   ester	   using	   the	   Miyaura	   protocol	   other	  ways	   of	   deploying	   the	   former	   compound	   were	   investigated.	   So,	   for	   example,	  compound	  100	  could	  be	  successfully	  cross-­‐coupled	  with	  boronate	  ester	  75	  to	  give	  the	   relatively	   stable	   compound	   101	   (63%),	   the	   first	   tripyrrole	   obtained	   in	   this	  study.	   Regrettably,	   however,	   all	   attempts	   to	   effect	   the	   ipso-­‐bromination	   of	   this	  compound,	  and	  thereby	  obtain	  compound	  102,	  were	  unsuccessful.	  	  
 	  	  
	  
Scheme	   2-­‐12:	   Reagents	   and	   conditions	   (a)	   Pyr!HBr3,	   THF,	   −78	   to	   18	   °C,	   2.5	   h;	   (b)	  compound	   75,	   Pd(dppf)Cl2!CH2Cl2,	   K2CO3, 1,4-­‐dioxane:H2O	   (3:1	   v/v),	   50	   °C,	   5	   h;	   (c)	  Pyr!HBr3,	  THF,	  −78	  to	  18	  °C,	  5	  h.	  
	  	  
2.7 Conclusion	  	  The	  work	   detailed	   above	   has	   established	   beyond	   doubt	   that	   the	   Suzuki-­‐Miyaura	  cross-­‐coupling	   reaction	   provides	   a	   particularly	   useful	   means	   for	   assembling	  bipyrroles	  that	  are	   linked	  in	  either	  an	  α,α’-­‐	  or	  an	  α,β’-­‐fashion.	  A	  single	  tripyrrole,	  
101,	   was	   obtained	   by	   the	   same	   means.	   These	   studies	   also	   revealed	   that	   even	  bipyrroles	   are	   rather	   sensitive	   compounds	   and	   that,	   for	   example,	   the	   ipso-­‐dibromination	   of	   TMS-­‐substituted	   compounds	   of	   this	   type	   are	   not	   particularly	  effective	   reactions	   because	   of	   the	   instability	   of	   the	   product	   bromopyrroles.	   This	  instability	   thwarted	   attempts	   to	   use	   successive	   Suzuki-­‐Miyaura	   cross-­‐coupling	  reactions	  in	  the	  preparation	  of	  higher	  order	  oligopyrroes.	  As	  such,	  a	  new	  approach	  (or	  perhaps	  a	  related	  one)	  to	  the	  required	  systems	  was	  needed.	  One	  such	  revised	  approach	  is	  detailed	  in	  the	  following	  Chapter.	  	  
b
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3 CHAPTER	  THREE	  A	  Second-­‐generation	  Approach	  to	  (Phenylene	  Interrupted)	  Sexipyrroles	  
	  
3.1 Introduction	  	  The	   work	   presented	   in	   Chapter	   Two	   detailed	   a	   proposal	   for	   synthesising	  sexipyrrole	   51.	   However,	   the	   unstable	   nature	   of	   certain	   of	   the	   potential	  intermediates	  thwarted	  the	  implementation	  of	  the	  proposed	  reaction	  sequence.	  	  	   	  
	  
Figure	  3-­‐1:	  Structure	  of	  compound	  51.	  	  Accordingly,	   a	   second-­‐generation	   approach	   to	   more	   stable	   sexipyrroles	   was	  pursued.	   The	   aim	   of	   such	   an	   approach	   was	   to	   prepare	   chemically	   well-­‐defined	  pyrrole	  oligomers	  incorporating	  stabilising	  phenylene	  spacer	  units	  such	  as	  seen	  in	  compounds	  52,	  53	  and	  54.	  The	  pathway	  to	  these	  “interrupted”	  sexipyrroles	  would	  still	  involve	  Suzuki-­‐Miyaura	  cross-­‐coupling	  protocols	  as	  key	  steps	  since	  this	  type	  of	  process	  had	  served	  so	  effectively	  in	  the	  studies	  reported	  in	  the	  preceding	  Chapter.	  The	   outcomes	   of	   the	   author’s	   work	   in	   this	   area	   are	   detailed	   in	   the	   following	  sections.	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Figure	  3-­‐2:	  Structures	  of	  compounds	  52,	  53	  and	  54.	  
	  	  
3.2 Previous	  Studies	  On	  The	  Synthesis	  of	  Oligomers	  Incorporating	  
Pyrrole	  Units	  Linked	  via	  a	  1,3-­‐Phenylene	  Spacer	  	  In	  1988,	   van	  Haare	  et	  al.73	   reported	   the	   synthesis	   of	   certain	  oligopyrroles	   of	   the	  same	   type	  being	   targeted	  by	   the	  author	  as	  part	  of	  an	  effort	   to	  prepare	  polaronic	  ferromagnetic	   materials.	   The	   reaction	   sequence	   began	   with	   the	   Stille	   cross-­‐coupling	   reaction	   of	   2	   equiv.	   of	   N-­‐tert-­‐butyoxycarbonyl-­‐2-­‐(trimethyl)stannyl	  pyrrole	  (103)	  and	  1,3-­‐dibromobenzene	  (104)	  in	  the	  presence	  of	  Pd(PPh3)4.	  After	  purification	   and	   recrystallisation,	   product	   105	   was	   isolated	   in	   50%	   yield.	   A	  competing	  process	  was	   the	  methylation	   of	   arene	  104	   (by	   stannane	  103)	   and	   so	  affording	   1-­‐bromo-­‐3-­‐methylbenzene.	   Two-­‐fold	   α-­‐bromination	   of	   the	   pyrrole	  residue	  within	  compound	  105	  using	  NBS	  in	  THF	  gave	  dibromide	  106	  (99%)	  that	  was	  subjected	  to	  another	  Stille	  cross-­‐coupling	  reaction,	   this	   time	  with	  compound	  
107	  and	  so	  affording	  product	  108	   in	  36%	  yield.	  Thermolytic	  removal	  of	  the	  Boc-­‐groups	  with	  the	  “interrupted”	  quaterpyrrole	  108	  so	  formed	  then	  gave	  the	  targeted	  product	  109	  in	  quantitative	  yield.	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Scheme	  3-­‐1:	  Reagents	  and	  conditions	  (a)	  Pd(PPh3)4,	  Na2CO3,	  toluene:H2O	  (1:1	  v/v),	  100	  °C,	  72	  h;	  (b)	  NBS,	  THF,	  −70	  °C,	  16	  h;	  (c)	  Pd(PPh3)4,	  Na2CO3,	  toluene:	  H2O	  (1:1	  v/v),	  100	  °C,	  96	  h;	  (d)	  thermolysis,	  190	  °C,	  0.25	  h.	  
	  
 
3.3 Proposed	  Synthetic	  Approach	  to	  Sexipyrrole	  52	  	  Based	  on	  the	  synthetic	  chemistry	  developed	  as	  described	  in	  Chapter	  Two	  and	  van	  Haare	   et	   al.’s	   work	   mentioned	   immediately	   above,	   the	   retrosynthetic	   analysis	  shown	  in	  Figure	  3-­‐3	  was	  identified	  as	  a	  possible	  means	  for	  establishing	  a	  route	  to	  the	   representative	  1,4-­‐phenylene-­‐linked	   sexipyrrole	  52.	   Although	  Boc-­‐protection	  and	  the	  bromine-­‐for-­‐silicon	  exchange	  had	  been	  problematic	  in	  the	  author’s	  earlier	  studies	  (see	  Schemes	  2-­‐7,	  2-­‐9	  and	  2-­‐12	  of	  Chapter	  Two),	  it	  was	  hoped	  that	  having	  a	  phenylene	  spacer	  in	  place	  would	  increase	  the	  stability	  of	  the	  various	  intermediates	  needing	   to	   be	   involved	   and	   thus	   facilitating	   a	   successful	   synthesis.	   Accordingly,	  Suzuki-­‐Miyaura	   cross-­‐coupling	   of	   1,4-­‐dibromobenzene	   (113)	   with	   boronic	   acid	  ester	   75	   was	   to	   be	   the	   initial	   step	   with	   the	   product,	   112,	   thus	   obtained	   being	  engaged	   in	   a	   bromine-­‐for-­‐silicon	   exchange	   and	   the	   dibromide	   so-­‐formed	   then	  being	  engaged	  in	  a	  second,	   two-­‐fold	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  with	  boronate	   ester	  75	   to	   give	   compound	  111.	   A	   repeat	   of	   this	   sequence	  would	   then	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38	  deliver,	  via	  compound	  110,	  and	  after	  global	  deprotection,	  target	  52.	  
	  	  
	  
Figure	  3-­‐3:	  Retrosynthetic	  analysis	  associated	  with	  the	  second-­‐generation	  approach	  to	  
sexipyrrole	  52.	  
	  The	  following	  sections	  details	  efforts	  to	  implement	  this	  plan.	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3.4 Synthetic	  Studies	  	  
3.4.1 Synthesis	  of	  Sexipyrrole	  110	  	  As	  foreshadowed	  above,	  the	  first	  step	  in	  the	  proposed	  synthesis	  of	  sexipyrrole	  52	  was	  a	  Suzuki-­‐Miyaura	  cross-­‐coupling	  of	  1,4-­‐dibromobenzene	  (113)	  with	  boronate	  ester	  75	   (Scheme	  3-­‐2).	  Under	  appropriate	  conditions,	  product	  112	  was	  obtained	  in	  84%	  yield	  as	  a	  white,	  crystalline	  solid	  after	  recrystallisation	  from	  cold	  hexane.	  Using	  the	  same	  protocol	  as	  employed	  in	  the	  first-­‐generation	  synthetic	  studies	  (see	  Scheme	  2-­‐9),	  the	  trimethylsilyl	  group	  within	  compound	  112	  was	  replaced,	  via	  an	  electrophilic	  ipso-­‐substitution	  process,	  by	  bromine	  to	  give	  compound	  114	   in	  95%	  yield	   and,	   once	   again,	   as	   a	   white,	   crystalline	   solid.	   The	   Suzuki-­‐Miyaura	   cross-­‐coupling	   of	   this	   dibrominated	   product	  with	   2.5	   equiv.	   of	   boronate	   ester	  75	   was	  readily	   achieved	   and	   the	   quaterpyrrole	   111	   thereby	   obtained	   in	   yield	   51%.	   A	  pivotal	  feature	  of	  the	  reaction	  leading	  to	  compound	  111	  was	  the	  use	  of	  a	  reaction	  temperature	   of	   40	   °C	   and	   a	   reaction	   time	   of	   4	   days.	   Attempts	   to	   conduct	   the	  reaction	   at	   50	   °C	   so	   as	   to	   try	   and	   accelerate	   the	   coupling	   process	   only	   led	   to	  extensive	  decomposition.	   
	  
	  
	  
Scheme	  3-­‐2:	  Reagents	  and	  conditions	  (a)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	   85	   °C,	   26	   h;	   (b)	   Pyr!HBr3,	   THF,	   −78	   to	   18	   °C,	   19	   h;	   (c)	   compound	   75,	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  4	  d.	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40	  The	  400	  MHz	  1H	  NMR	  spectrum	  of	  compound	  111	   is	  shown	  in	  Figure	  3-­‐4	  and	  this	  revealed,	  inter	  alia,	  the	  expected	  eighteen-­‐proton	  singlet	  at	  δ	  0.51	  arising	  from	  the	  hydrogens	   of	   two	   equivalent	   trimethylsilyl	   moieties.	   The	   resonances	   due	   to	   the	  protons	  on	  the	  newly	   introduced	  pyrrole	  rings	  appear	  at	  δ	  6.16	  (m,	  4H).	  The	  13C	  NMR	  spectrum	  of	  quaterpyrrole	  111	  was	  completely	  consistent	  with	  the	  assigned	  structure.	   In	   addition,	   the	   EI	   mass	   spectrum	   of	   compound	   111	   displayed	   a	  molecular	   ion	   at	  m/z	   882	   and	   an	   accurate	   mass	   measurement	   on	   this	   species	  proved	  that	  it	  was	  of	  the	  expected	  composition,	  viz.	  C48H66N4O8Si2.	  	  
	  
Figure	  3-­‐4:	  400	  MHz	  1H	  NMR	  Spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  111	  	  
(recorded	  in	  C6D6).	  	  Final	  confirmation	  of	  the	  structure	  of	  compound	  111	  came	  from	  a	  single-­‐crystal	  X-­‐ray	   crystal	   analysis.	   The	   derived	   ORTEP	   is	   shown	   in	   Figure	   3-­‐5	   and	   reveals	  orthogonal	   relationships	   between	   all	   of	   the	   immediately	   adjacent	   aromatic	  residues.	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Figure	  3-­‐5:	  ORTEP	  derived	  from	  the	  single-­‐crystal	  X-­‐ray	  analysis	  of	  quaterpyrrole	  111.	  	  With	  compound	  111	   in	  hand,	  a	  silicon-­‐for-­‐bromine	  reaction	  was	  attempted	  using	  the	   same	   conditions	   as	   used	   earlier	   (see	   Scheme	   3-­‐2).	   Unfortunately,	   a	   complex	  mixture	  of	  products	  was	  observed	  (as	  determined	  by	  TLC	  analysis),	  none	  of	  which	  could	  be	  isolated	  or	  characterised.	  However,	  by	  following	  various	  leads	  identified	  as	  a	  result	  of	  a	  literature	  survey,74,75	  when	  dichloromethane	  and	  NBS	  were	  chosen	  as	  the	  solvent	  system	  and	  the	  brominating	  reagent,	  respectively,	  and	  the	  reaction	  run	  on	  a	  ca.	  60	  mg	  scale	  at	  18	  °C	  then	  a	  91%	  yield	  of	  targeted	  115	  was	  obtained.	  	  	  
	  
	  
Scheme	  3-­‐3:	  Reagents	  and	  conditions	  (a)	  NBS,	  CH2Cl2,	  18	  °C,	  0.5	  h.	  	  A	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	   could	   now	   be	   attempted	   between	  compounds	  115	   and	   26	   (Scheme	  3-­‐4).	   Initially,	   a	   small	   scale	   reaction	   (58	  mg	  of	  compound	  115)	  was	  carried	  out	  at	  40	  °C	  for	  6	  days	  and,	  encouragingly,	  a	  trace	  of	  compound	   110	   could	   be	   isolated	   and	   its	   structure	   was	   supported	   by	   1H	   NMR	  spectroscopic	   and	   HRESI	   mass	   spectrometric	   techniques.	   However,	   attempts	   to	  conduct	  the	  reaction	  at	  60	  °C,	  in	  an	  effort	  to	  reduce	  the	  reaction	  time,	  only	  led	  to	  extensive	  decomposition.	  When	  the	  reaction	  mixture	  was	  stirred	  at	  40	  °C	  for	  up	  to	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42	  20	  days	   then	  compound	  110	  and	  by-­‐product	   116	  were	   isolated	  by	   flash	  column	  chromatography	  in	  7%	  and	  32%	  yield,	  respectively	  (see	  Entry	  2	  of	  Table	  3-­‐1).	  By-­‐product	   116	   was	   obtained	   as	   result	   of	   single	   Suzuki-­‐Miyaura	   cross-­‐coupling	  reaction	   of	   compounds	   115	   and	   26.	   A	   range	   of	   variations	   to	   these	   reaction	  conditions	  failed	  to	  improve	  the	  yield	  of	  compound	  110.	  	  	   	  
	  
Scheme	  3-­‐4:	  Reagents	  and	  conditions	  (a)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C.	  	  
Table	  3-­‐1.	  Outcomes	  from	  the	  cross-­‐coupling	  of	  compounds	  26	  and	  115.	  
Entry	   Reaction	  time	  
(days)	  
Starting	  material	  
115	  
Products	  
110	  (brsm)	   116	  (brsm)	  
1	   8	   0%	   Trace	   0%	  
2	   20	   33%	   7%	  (10%)	   32%	  (49%)	  
3	   21	   9%	   8%	  (9%)	   25%	  (28%)	  	  There	   are	   several	   features	   associated	   with	   the	   400	   MHz	   1H	   NMR	   spectrum	   of	  compound	  110	  (Figure	  3-­‐6)	  that	  proved	  useful	  for	  establishing	  its	  structure.	  Most	  notably,	   perhaps,	   the	   eighteen-­‐proton	   singlet	   resonating	   at	   δ	   1.29	   is	   assigned	   to	  the	   t-­‐butyl	   residues	  of	   the	   two	  newly	   introduced	  and	   chemically	   equivalent	  Boc-­‐groups.	  The	  α-­‐protons	  of	  the	  terminal	  pyrrole	  residues	  resonate	  at	  δ	  7.61	  while	  the	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43	  remainder	  of	  the	  spectrum	  is	  in	  complete	  accord	  with	  the	  assigned	  structure.	  The	  ESI	  mass	  spectrum	  displayed	  a	  protonated	  molecular-­‐associated	   ion	  at	  m/z	  1069	  and	  an	  accurate	  mass	  measurement	  on	  this	  species	  established	  that	   it	  was	  of	   the	  expected	  composition,	  viz.	  C60H73N6O12.	  	  	  
	  
Figure	  3-­‐6:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  110	  
(recorded	  in	  C6D6).	  	  The	  400	  MHz	  1H	  NMR	  spectrum	  of	  pentapyrrole	  116	   is	  shown	   in	  Figure	  3-­‐7	  and	  this	  revealed,	  inter	  alia,	  diagnostic	  singlets	  associated	  with	  the	  five	  non-­‐equivalent	  Boc-­‐groups	  resonating	  at	  δ	  1.29,	  1.26,	  1.25,	  1.19	  and	  1.18.	  The	  100	  MHz	  13C	  NMR	  spectrum	  displayed	  forty	  resonances	  rather	  than	  the	  expected	  forty-­‐one	  due	  to	  the	  obscuring	   of	   one	   by	   those	   arising	   from	   the	   solvent	   C6D6.	   However,	   ESI	   mass	  spectrometry	   revealed	   a	  molecular-­‐associated	   ion	   at	  m/z	  926	  (M	  +	  Na)+,	   and	   an	  accurate	  mass	  measurement	  on	  this	  species	  established	  that	  it	  was	  of	  the	  expected	  molecular	  composition,	  viz.	  C51H61N523NaO10.	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Figure	  3-­‐7:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  116	  
(recorded	  in	  C6D6).	  	  
3.4.2 The	  Synthesis	  of	  a	  Sexipyrrole	  (121)	  Linked	  via	  1,3-­‐Phenylene	  
Bridge	  	  With	  reaction	  conditions	  having	  been	  defined	  for	  the	  synthesis	  of	  sexipyrrole	  110,	  the	  analogous	  assembly	  of	  a	  congener,	  121,	  linked	  via	  a	  1,3-­‐phenylene	  bridge	  was	  attempted.	  Accordingly,	  1,3-­‐dibromobenzene	  (104)	  was	  used	  as	  starting	  material	  and	  this	  was	  engaged	  in	  a	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  with	  2.3	  equiv.	  of	  pyrrole	  75.	  By	  such	  means,	  compound	  117	  was	  obtained	  in	  93%	  yield	  and	  this	  reacted	  with	   freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	   to	  generate	  dibromide	  106	  which	  was	  obtained	  in	  97%	  yield.	  The	  derived	  spectral	  data	  were	  identical,	  in	  all	  respects,	  with	  those	  reported	  by	  van	  Haare	  et	  al.	  who	  obtained	  this	  material	  using	  Stille	  cross-­‐coupling	  protocols.73	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Scheme	  3-­‐5:	  Reagents	  and	  conditions	  (a)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  85	  °C,	  20	  h;	  (b)	  Pyr!HBr3,	  THF,	  −78	  to	  18	  °C,	  16	  h.	  	  Suzuki-­‐Miyaura	  cross-­‐coupling	  of	  compound	  106	  with	  boronate	  ester	  75	  (Scheme	  3-­‐6)	  delivered	  the	  anticipated	  product	  118	  as	  a	  clear,	  colourless	  oil	  in	  69%	  yield.	  On	   the	   basis	   of	   the	  work	   reported	   in	   earlier	   (Scheme	   3-­‐3),	   compound	  118	  was	  itself	  treated	  with	  NBS	  at	  18	  °C	  in	  dichloromethane	  and	  thus	  affording	  dibromide	  
119	  in	  91%	  yield.	  This	  was,	  in	  turn,	  treated	  with	  boronic	  acid	  26	  in	  the	  presence	  of	  Pd(dppf)Cl2!CH2Cl2	  and	  K2CO3	  to	  afford	  a	  chromatographically	  separable	  mixture	  of	   three	   compounds,	   namely	   the	  desired	  pentapyrrole	  120,	   sexipyrrole	  121	   and	  the	   starting	   material	   119	   in	   25%,	   27%	   and	   14%	   yields,	   respectively.	   Various	  attempts	  to	  improve	  on	  this	  outcome	  proved	  unsuccessful.	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Scheme	   3-­‐6:	   Reagents	  and	  conditions	   (a)	   compound	  75,	   Pd(dppf)Cl2!CH2Cl2,	   K2CO3,	   1,4-­‐dioxane:H2O	   (3:1	   v/v),	   40	   °C,	   4	   d;	   (b)	  NBS,	   CH2Cl2,	   18	   °C,	   0.5	   h;	   (c)	   Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  20	  d.	  	  The	   most	   notable	   features	   observed	   in	   the	   400	   MHz	   1H	   NMR	   spectrum	   of	  compound	  120	   (Figure	   3-­‐8)	  were	   five	   nine-­‐proton	   singlets	   at	   δ	   1.28,	   1.27,	   1.26,	  1.18	   and	   1.16,	   each	   of	   which	   represents	   the	   t-­‐butyl	   residue	   of	   the	   five	   non-­‐equivalent	   Boc-­‐groups.	   The	   appearance	   of	   resonances	   at	   δ	   27.8,	   27.7,	   27.6,	   27.5	  and	  27.4	  in	  the	  13C	  NMR	  spectrum	  of	  this	  same	  material	  together	  with	  related	  ones	  at	   δ	   84.0,	   83.6,	   83.0	   (2	   ×	   C)	   and	   82.3	   are	   attributed	   to	   the	   two	   types	   of	   carbon	  associated	  with	  the	  same	  protecting	  group.	  The	  remainder	  of	  the	  spectrum	  was	  in	  complete	   accord	   with	   the	   assigned	   structure	   while	   the	   ESI	   mass	   spectrum	  displayed	  a	  molecular-­‐associated	  ion	  at	  m/z	  926	  (M	  +	  Na)+,	  and	  an	  accurate	  mass	  measurement	   on	   this	   species	   established	   that	   it	   was	   of	   the	   expected	   molecular	  composition,	  viz.	  C51H61N523NaO10.	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Figure	  3-­‐8:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  120	  	  	  	  
(recorded	  in	  C6D6).	  	  The	  400	  MHz	  1H	  NMR	  spectrum	  of	  sexipyrrole	  121	  was	  also	  fully	  consistent	  with	  the	   assigned	   structure	   (Figure	   3-­‐9).	   Compared	   to	   that	   of	   pentapyrrole	  120,	   the	  spectrum	  of	  sexipyrrole	  121	  was	  greatly	  simplified	  due	  to	  its	  symmetrical	  nature.	  Thus,	  it	  featured	  resonances	  due	  to	  twelve-­‐protons	  between	  δ	  6.28-­‐6.10	  and	  these	  are	  assigned	  to	  the	  β-­‐pyrrolic	  protons.	  The	  100	  MHz	  13C	  NMR	  spectrum	  (Figure	  3-­‐10)	  displayed	  twenty-­‐two	  carbon	  resonances	  rather	  than	  the	  expected	  twenty-­‐five	  due	   to	   the	  obscuring	  of	   signals	  by	   those	  arising	   from	   the	  solvent	  C6D6.	  However,	  the	  ESI	  mass	  spectrum	  revealed	  a	  molecular-­‐associated	  ion	  at	  m/z	  1091	  (M	  +	  Na)+,	  and	  an	  accurate	  mass	  measurement	  on	  this	  species	  established	  that	   it	  was	  of	   the	  expected	  molecular	  composition,	  viz.	  C60H72N623NaO12.	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Figure	  3-­‐9:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  121	  	  	  	  
(recorded	  in	  C6D6).	  	  
	  
Figure	  3-­‐10:	  100	  MHz	  13C	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  110	  
(recorded	  in	  C6D6).	  	  
3.4.3 The	  Synthesis	  of	  a	  Sexipyrrole	  (128)	  Linked	  via	  1,2-­‐Phenylene	  
Bridge	  	  	  Based	   on	   the	   studies	   detailed	   in	   the	   preceding	   sections,	   the	   preparation	   of	  compound	   128	   was	   also	   pursued.	   Accordingly,	   1,2-­‐dibromobenzene	   (122)	   was	  cross-­‐coupled	  with	   boronate	   ester	  75	   and	   thus	   affording	   bipyrrole	  123	   in	   84%	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49	  yield	   (Scheme	   3-­‐7).	   Compound	   123	   was	   then	   converted,	   in	   88%	   yield,	   into	   the	  corresponding	   bromide	   124	   using	   freshly	   prepared	   pyridinium	   hydrobromide	  perbromide.	  	  	  
	  
Scheme	  3-­‐7:	  Reagents	  and	  conditions	  (a)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  85	  °C,	  48	  h;	  (b)	  Pyr!HBr3,	  THF,	  −78	  to	  18	  °C,	  20	  h.	  	  Reaction	   of	   compound	   124	   with	   boronate	   ester	   75	   (Scheme	   3-­‐8)	   with	  Pd(dppf)Cl2!CH2Cl2	  afforded	   quaterpyrrole	   125	   in	   yield	   50%	   and	   this	   was	   then	  converted,	   using	   previously	   developed	   protocols	   (Scheme	   3-­‐3),	   into	   the	  corresponding	  bromide	  126	  in	  91%	  yield.	  	  	   	  
	  
Scheme	  3-­‐8:	  Reagents	  and	  conditions	  (a)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  4	  d;	  (b)	  NBS,	  CH2Cl2,	  18	  °C,	  0.5	  h. 	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50	  The	   structure	   of	   this	   last	   compound	   was	   confirmed	   by	   a	   single-­‐crystal	   X-­‐ray	  analysis	  and	  the	  derived	  ORTEP	  is	  shown	  in	  Figure	  3-­‐11.	  	  
	  
Figure	  3-­‐11:	  ORTEP	  derived	  from	  the	  single-­‐crystal	  X-­‐ray	  analysis	  of	  quaterpyrrole	  126.	  	  On	  subjection	  of	  compound	  126	  to	  a	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  with	  boronic	  acid	  26	   compounds	  127	   and	  128	  were	  obtained	   in	  42%	  and	  41%	  yield,	  respectively.	   This	   time,	   no	   starting	   material	   was	   recovered	   from	   the	   reaction	  mixture	  but	  small	  amounts	  of	  unknown	  impurities	  were	  always	  detected	  by	  1H	  and	  13C	  NMR	  spectroscopy.	  	  	   	  
	  
Scheme	  3-­‐9:	  Reagents	  and	  conditions	  (a)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  20	  d.	  	  The	  100	  MHz	  13C	  spectrum	  of	  compound	  127	   (Figure	  3-­‐12)	  displayed	  forty-­‐eight	  carbon	   resonances	   rather	   than	   the	   expected	   fifty-­‐one	   due	   to	   the	   obscuring	   of	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51	  signals	  by	  those	  arising	  from	  the	  solvent	  C6D6.	  However,	  the	  singlets	  observed	  at	  δ	  27.9,	   27.8,	   27.7,	   27.6	   and	   27.5	   clearly	   indicate	   the	   presence	   of	   t-­‐butyl	   residues	  associated	  with	   five	  distinct	   (non-­‐equivalent)	  Boc-­‐groups.	  The	   1H	  NMR	  spectrum	  of	  compound	  127	  was	  fully	  consistent	  with	  the	  assigned	  structure.	  In	  addition,	  the	  ESI	  mass	  spectrum	  displayed	  a	  molecular-­‐associated	  ion	  at	  m/z	  926	  (M	  +	  Na)+,	  and	  an	   accurate	   mass	   measurement	   on	   this	   species	   established	   that	   it	   was	   of	   the	  expected	  molecular	  composition,	  viz.	  C51H61N523NaO10.	  	  
	  
Figure	  3-­‐12:	  100	  MHz	  13C	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  127	  
(recorded	  in	  C6D6).	  	  The	  400	  MHz	  1H	  NMR	  spectrum	  of	  compound	  128	  is	  shown	  in	  Figure	  3-­‐13	  and	  this	  revealed,	  inter	  alia,	  the	  three	  expected	  singlets	  at	  δ	  1.30,	  1.27	  and	  1.12	  integrating	  for	   a	   total	   of	   fifty-­‐four	   protons	   associated	   with	   the	   pairs	   of	   equivalent	   t-­‐butyl	  residues	  of	  the	  Boc-­‐protecting	  groups.	  The	  13C	  NMR	  spectrum	  of	  sexipyrrole	  128	  was	   also	   completely	   consistent	   with	   the	   assigned	   structure	   and	   the	   resonances	  observed	   at	   δ	   83.2,	   82.4,	   82.0	   clearly	   indicate	   the	   presence	   of	   t-­‐butyl	   residues	  associated	  with	   two	  pairs	   of	   equivalent	  Boc-­‐protecting	   groups.	   Furthermore,	   the	  ESI	  mass	   spectrum	  displayed	  a	  molecular-­‐associated	   ion	  at	  m/z	   1091	   (M	  +	  Na)+,	  and	  an	  accurate	  mass	  measurement	  on	  this	  species	  established	  that	   it	  was	  of	   the	  expected	  composition,	  viz.	  C60H72N623NaO12.	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Figure	  3-­‐13:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  128	  
(recorded	  in	  C6D6).	  	  	  
3.5 Attempted	  Global	  Boc-­‐deprotection	  	  Completion	  of	  the	  synthesis	  of	  the	  target	  sexipyrroles	  52,	  53	  and	  54	  required	  the	  global	  removal	  of	  the	  Boc-­‐groups	  from	  within	  their	  potential	  precursors	  110,	  121	  and	   128.	   The	   necessary	   cleavage	   reactions	   proved	   problematic.	   While	   Boc-­‐protecting	  groups	  are	  normally	  quite	  readily	  cleaved	  under	  acidic	  conditions,	  this	  process	   was	   difficult	   to	   accomplish	   with	   substrates	   110,	   121	   and	   128	   when	  conventional	  conditions	  were	  used.	  Other	  attempts	  to	  obtain	  the	  desired,	  Boc-­‐free	  compounds	  involved	  using	  TFA76-­‐78	   in	  CH2Cl2,	  ethyl	  acetate	  and	  HCl79,80	  or	  HFIP81	  at	   various	   temperatures	   but	   all	   to	   no	   avail.	   Alternate	   protocols	   employing	  thermolytic82-­‐84	  and	  basic	  conditions	  (e.g.	  NaOMe)80,85,86	  also	  proved	  ineffective.	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Figure	  3-­‐14:	  Structures	  of	  sexipyrroles	  52,	  53	  and	  54.	  	  	  
3.6 Conclusion	  	  The	  major	  aspect	  of	  the	  work	  described	  in	  this	  Chapter	  was	  the	  conversion,	  over	  five	   steps,	   of	   1,4-­‐bromobenzene	   (113),	   1,3-­‐bromobenzene	   (104)	   and	   1,2-­‐bromobenzene	   (122)	   into	   the	   Boc-­‐protected	   sexipyrroles	   110,	   121	   and	   128,	  respectively.	  However,	  global	  deprotection	  of	  each	  of	  these	  proved	  impossible.	  As	  a	  result	  all	   subsequent	   studies	  were	  conducted	  on	   those	  systems	   that	   retained	   the	  Boc-­‐group.	  While	  all	  of	  the	  newly	  prepared	  bis-­‐,	  quater-­‐,	  penta-­‐	  and	  sexi-­‐pyrroles	  proved	   to	   be	   light,	   air	   and	   acid	   sensitive	   compounds,	   dissolving	   them	   in	   hexane	  and	  storing	  the	  resulting	  solutions	  at	  –20	  °C	  increased	  their	  lifetime	  dramatically.	  	  	  In	  summary,	  the	  work	  presented	  in	  this	  Chapter	  provides	  a	  clear	  demonstration	  of	  the	   utility	   of	   the	   methodology	   developed	   and	   described	   in	   Chapter	   Two.	  Performing	   the	   key	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reactions	   on	   appropriately	  constituted	   pyrrole-­‐based	   synthons	   incorporating	   different	   phenyl	   ring	   spacer	  units	   allowed	   for	   the	   preparation	   of	   chemically	   well-­‐defined	   oligopyrroles.	   The	  novel	   bi-­‐,	   quater-­‐,	   penta-­‐	   and	   sexi-­‐pyrroles	   described	   here	  were	   all	   subjected	   to	  electrochemical	   testing.	   The	   results	   of	   these	   tests	   are	   discussed	   in	   Chapter	   Five.	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4 CHAPTER	  FOUR	  The	  Synthesis	  of	  More	  Complex	  Oligomeric	  Systems	  
	  
	  
4.1 Introduction	  	  The	   procedures	   detailed	   in	   the	   preceding	   Chapter	   could	   be	   applied	   to	   systems	  incorporating	   a	   variety	   of	   other	   phenylene	   spacers	   and	   pyrrole	   units.	   The	  outcomes	   of	   the	   relevant	   studies	   are	   presented	   here.	   In	   broad	   terms,	   all	   of	   the	  successful	   chemistries	  detailed	   in	   the	  preceding	  Chapters	  have	  been	  extended	   to	  certain	  more	  complex	  systems	  although	  not	  always	  in	  a	  straightforward	  manner.	  
	  
	  
4.2 Synthesis	  of	  Various	  Forms	  of	  Bi-­‐,	  Quater-­‐,	  Penta-­‐	  and	  Sexi-­‐
pyrroles	  	  
4.2.1 Formation	  of	  Sexipyrrole	  129	  	  With	   the	   fundamental	   reaction	   conditions	   defined	   as	   detailed	   in	   Chapter	   Three,	  their	   application	   to	   systems	   incorporating	   different	   phenylene	   linker	   units	  were	  investigated.	   Initially,	   the	   synthesis	   of	   sexipyrrole	   129	   was	   pursued	   using	   1,4-­‐dibromo-­‐2,5-­‐dimethylbenzene	  (130)	  as	  the	  precursor	  to	  the	  linking	  unit.	  	   	  
	  
Figure	  4-­‐1:	  Sexipyrrole	  129	  and	  the	  starter	  unit	  130.	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56	  The	   initial	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	  was	   performed	   (Scheme	   4-­‐1)	  using	  arene	  130	   and	  boronate	   ester	  75	   as	   the	   substrates	   and	  gave	   the	   expected	  product	  131	  in	  58%	  yield.	  This	  relatively	  moderate	  yield	  is	  attributed	  to	  the	  steric	  congestion	   imparted	  by	   the	  substituents	  on	   the	  benzenoid	  ring	  of	   substrate	  130.	  Two-­‐fold	  ipso-­‐bromination	  of	  the	  pyrrolic	  residues	  of	  compound	  131	  was	  effected	  using	  pyridinium	  hydrobromide	  perbromide	  and	  so	  providing	  product	  132	  in	  77%	  yield.	  In	  turn,	  treatment	  of	  the	  bromopyrrole	  132	  with	  boronate	  ester	  75	  at	  80	  °C	  in	   1,4-­‐dioxane:H2O	   (3:1	   v/v)	   then	   gave	   the	   expected	   quaterpyrrole	  133	   in	   54%	  yield.	  	  
 
 
Scheme	  4-­‐1:	  Reagents	  and	  conditions	  (a)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	   80	   °C,	   3	   d;	   (b)	   Pyr!HBr3,	   THF,	   −78	   to	   18	   °C,	   20	   h;	   (c)	   compound	   75,	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  4	  d.	  
 The	   400	  MHz	   1H	   NMR	   spectrum	   of	   the	   second	   coupling	   product,	   viz.	   compound	  
133,	   is	   shown	   in	   Figure	   4-­‐2	   and	   this	   revealed,	   inter	   alia,	   diagnostic	   singlets	  associated	   with	   two	   sets	   of	   Boc-­‐protecting	   groups	   and	   “capping”	   TMS-­‐moieties.	  These	  resonated	  at	  δ	  1.31,	  1.15	  and	  0.48,	  respectively.	  The	  hydrogens	  of	  the	  methyl	  groups	   on	   the	   benzenoid	   ring	   gave	   rise	   to	   a	   resonance	   at	   δ	   2.30	   that	   appears	  downfield	  of	  the	  one	  arising	  from	  the	  analogous	  group	  in	  the	  starting	  material	  (δ	  2.05).	  The	   four	  doublets	  observed	  at	  δ	  6.53,	  6.37,	  6.19	  and	  6.06	  (J	  =	  3.2	  Hz	   in	  all	  cases)	   are	   assigned	   to	   β-­‐protons	   of	   pyrrole	   rings.	   The	   13C	   NMR	   spectrum	   of	  compound	   133	   displayed	   eighteen	   carbon	   resonances	   rather	   than	   the	   expected	  nineteen	   due	   to	   the	   obscuring	   of	   signals	   by	   those	   arising	   from	   the	   solvent	   C6D6.	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57	  However,	   the	   EI	   mass	   spectrum	   of	   quaterpyrrole	   133	   revealed	   a	   protonated	  molecular	   ion	   at	  m/z	   911	   and	   an	   accurate	   mass	   measurement	   on	   this	   species	  established	  it	  was	  of	  the	  expected	  molecular	  composition,	  viz.	  C50H71N4O8Si2.	  	  	  
	  
Figure	  4-­‐	  2:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  133	  
(recorded	  in	  C6D6).	  	  Final	   confirmation	  of	   the	   structure	  of	  quaterpyrrole	  133	   followed	   from	  a	   single-­‐crystal	  X-­‐ray	  analysis	  and	  the	  derived	  ORTEP	  is	  shown	  in	  Figure	  4-­‐3.	  
 
	  
Figure	  4-­‐3:	  ORTEP	  derived	  from	  the	  single-­‐crystal	  X-­‐ray	  analysis	  of	  quaterpyrrole	  133.	  	  With	  the	  quaterpyrrole	  133	  in	  hand,	  it	  was	  necessary	  to	  effect	  the	  ipso-­‐substitution	  of	   the	  associated/capping	  TMS-­‐moieties	  with	   iodine	  or	  bromine.	  Using	  a	  method	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58	  successfully	  employed	  earlier	  (see	  Scheme	  3-­‐3	  of	  Chapter	  Three),	  compound	  133	  was	   reacted	  with	  NBS	   in	  dichloromethane	   and	   the	  dibrominated	   compound	  134	  was	   thus	   obtained	   in	   20%	   yield	   (Scheme	   4-­‐2).	   Compound	  133	  was	   also	   treated	  with	  NIS	   in	   acetonitrile	   and	   the	  di-­‐iodinated	   congener	  135	   thereby	  generated	   in	  25%	  yield.	  Both	  compounds	  134	  and	  135	  were	  subjected	  to	  reaction	  with	  boronic	  acid	  26	   for	  up	  to	  20	  days	  and	  so	  affording	  the	  target	  sexipyrrole	  129	   in	  8%	  and	  29%	  yields,	  respectively.	  	  	  	  	  
	  
Scheme	  4-­‐2:	  Reagents	  and	  conditions	  (a)	  NBS,	  CH2Cl2,	  18	  °C,	  1	  h;	  (b)	  NIS,	  CH3CN,	  18	  °C,	  19	  h;	  (c)	  compound	  26,	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  20	  d;	  (d)	  	  compound	  26,	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  17	  d.	  	  As	  is	  characteristic	  of	  such	  Suzuki-­‐Miyaura	  cross-­‐coupling	  products,	  the	  400	  MHz	  1H	  NMR	  spectrum	  of	  compound	  129	  (Figure	  4-­‐4)	  featured	  a	  doublet	  of	  doublets	  (J	  
=	  3.3	  and	  1.9	  Hz)	  at	  δ	  7.61	  that	  arises	  from	  the	  α-­‐protons	  of	  newly	  installed	  pyrrole	  residues.	   The	   resonance	   arising	   from	   the	   protons	   of	   the	   methyl	   group	   on	   the	  phenylene	   linker	   unit	   appeared	   at	   δ	   2.39,	   further	   downfield	   than	   the	   equivalent	  signals	  in	  both	  precursors	  134	  and	  135.	  In	  addition,	  the	  expected	  three	  eighteen-­‐proton	  singlets	  were	  observed	  at	  δ	  1.30,	  1.27	  and	  1.13.	  Each	  of	  these	  arises	  from	  the	   t-­‐butyl	   residues	   of	   the	   three	   pairs	   of	   equivalent	   Boc-­‐groups.	   The	   ESI	   mass	  spectrum	   displayed	   a	   molecular-­‐associated	   ion	   at	  m/z	   1120	   (M	   +	   Na)+,	   and	   an	  accurate	  mass	  measurement	  on	  this	  species	  established	  that	  it	  was,	  once	  again,	  of	  the	  expected	  composition,	  viz.	  C62H76N623NaO12.	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Figure	  4-­‐4:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  129	  
(recorded	  in	  C6D6).	  	  	  
4.2.2 The	  Suzuki-­‐Miyaura	  Reactions	  Involving	  “Phenylene”	  Starter	  
Units	  136-­‐143	  	  The	   successful	   outcomes	  of	   the	  work	  described	   immediately	   above	  prompted	  an	  investigation	  of	   the	  use	  of	  other	  spacer	  or	  starter	  units	   to	  assemble	  analogues	  of	  compound	  129.	  The	  benzenoid	  “starter	  units”	  136-­‐143	  shown	  in	  Figure	  4-­‐5	  were	  used	  for	  these	  studies.	  	  	  	   	  
	  
Figure	  4-­‐5:	  Benzenoid	  spacer	  or	  starter	  units	  136-­‐143.	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60	  The	   results	   of	   subjecting	   these	   compounds	   to	   the	   relevant	   sets	   of	   reactions	   are	  presented	   in	   Table	   4-­‐1.	   In	   particular,	   on	   using	   the	   electron-­‐rich	  bismethoxybenzene	  136	   as	   the	   spacer	   unit	   a	   small	   quantity	   of	   coupling	   product	  
144	  (21%)	  was	  obtained	  (Entry	  1).	  Treatment	  of	  the	  latter	  with	  freshly	  prepared	  pyridinium	   hydrobromide	   perbromide	   afforded	   compound	   145	   in	   62%	   yield.	  Compound	  144	  was	  also	  subjected	  to	  reaction	  with	  NIS	  in	  acetonitrile	  at	  18	  °C	  for	  0.75	   h	   and	   di-­‐iodopyrrole	   146	   thereby	   obtained	   in	   35%	   yield.	   Disappointingly,	  reaction	  of	  either	  dihalide	  145	  or	  146	  with	  boronate	  ester	  75	  failed	  to	  deliver	  the	  anticipated	   product	   147.	   In	   contrast,	   when	   arene	   137	   was	   subjected	   to	   the	  standard	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	   conditions	   then	   the	   desired	  product	  148	  was	  obtained	  in	  63%	  yield	  (Entry	  2)	  although	  this	  compound	  rapidly	  decomposed	  at	  ambient	  temperature.	  As	  a	  result,	  all	  efforts	  to	  carry	  this	  bipyrrole	  (148)	   forward	   were	   abandoned.	   Attempts	   to	   effect	   coupling	   of	   either	   2,5-­‐dibromocyclohexa-­‐2,5-­‐diene-­‐1,4-­‐dione	   (138)	   or	   2,5-­‐dibromo-­‐1,4-­‐phenylene	  bis(trifluoromethane	   sulfonate)	   (139)	  with	   boronate	   ester	  75	   (Entries	   3	   and	   4)	  were	   also	   unsuccessful	   with	   no	   evidence	   for	   the	   formation	   of	   the	   hoped-­‐for	  compounds	   149	   and	   150	   being	   obtained.	   Only	   extensive	   decomposition	   of	   the	  substrates	  was	  observed.	  Unsurprisingly,	  in	  the	  presence	  of	  electron-­‐withdrawing	  moieties	   such	   as	   nitro-­‐groups	   the	   desired	   couplings	   were	   found	   to	   proceed	  effectively	  and	  provided,	  for	  example,	  the	  anticipated	  compound	  153	  in	  good	  yield	  (28%	   yield	   in	   this	   case)	   (Entry	   5).	   Ironically,	   when	   compound	  141	  was	   treated	  under	   the	   specified	   conditions	   the	   Boc-­‐groups	  were	   cleaved	   during	   the	   reaction	  and	   so	   affording	   bipyrrole	   154	   (Entry	   6).	   Similar	   cleavage	   processes	   have	   been	  reported	  previously.59	  When	  compound	  154	  was	  subjected	  to	  an	  ipso-­‐bromination	  reaction	   then	   product	   155	   was	   obtained	   and	   this	   reacted	   in	   a	   Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  with	  compound	  75.	  However,	   the	  hoped-­‐for	  product	  156	  was	  not	  observed.	  Only	  a	  complex	  mixture	  of	  materials	  was	  obtained.	  The	  two-­‐fold	  Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction	   of	   2,6-­‐dibromonaphthalene	   (142)	   with	  boronic	  ester	  75	  (Entry	  7)	  delivered	  the	  anticipated	  product	  157	  (69%	  yield)	  that	  when	   treated	   with	   freshly	   prepared	   pyridinium	   hydrobromide	   perbromide	  afforded	  compound	   in	  158	   in	  68%	  yield.	  This	  was,	   in	   turn,	   reacted	  with	  boronic	  ester	  75	   in	   the	   presence	   of	   Pd(dppf)Cl2!CH2Cl2	   and	   afforded	   quaterpyrrole	  159	  albeit	   in	   just	   in	   4%	   yield.	   To	   study	   the	   effects	   of	   the	   single	   rather	   than	   double-­‐barrelled	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reactions,	   bromobenzene	   (143)	   was	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61	  subjected	  to	  a	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  and	  thereby	  converted,	  over	  a	   period	   of	   27	   h	   and	   in	   quantitative	   yield,	   into	   compound	   160	   (Entry	   8).	   ipso-­‐Bromination	   of	   compound	   160	   was	   also	   successful	   and	   gave	   the	   anticipated	  product	  16187	   in	  47%	  yield.	  When	  compound	  161	  was	  subjected	  to	  the	  standard	  Suzuki-­‐Miyaura	   cross	   coupling	   conditions	   used	   earlier	   then,	   rather	   disappointly,	  only	  the	  debrominated	  product	  16288,89	  was	  isolated	  (65%	  yield).	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Table	  4-­‐1:	  The	  Pd[0]-­‐catalysed	  Suzuki-­‐Miyaura	  cross-­‐coupling	  of	  arenes	  136-­‐143	  with	  
boronate	  ester	  75	  and	  the	  elaboration	  of	  the	  resulting	  products.	  	  
 
 
Entry	  
Starting	  
material	  
Product	  A	  (yield)	   Product	  B	  (yield)	   Product	  C	  (yield)	  
1	   136	   144	  (21%)	   145	  (62%)	  
146	  (35%)	   147	  (Trace)§	  
2	   137	   148	  (63%)	   -­‐	   -­‐	  
3	   138	   149	  (0	  %)** -­‐	   -­‐	  
4	   139	   150	  (0	  %)** -­‐	   -­‐	  
5	   140	   151	  (69%)	   152	  (80%)	   153	  (28%)	  
6	   141	  
	   	  (154)	  (63%)	  
	   	  (155)	  (51%)	  
	  	  	  (156)	  (0	  %)**	  
7	   142	   	  (157)	  (69%)	   	  (158)	  (68%)	   	  (159)	  (4%)	  
8	   143	   	  (160)	  (quant.)	   	  (161)	  (47%)	   	   	  	  (162)	  (65%)††	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  §	  Compound	  147	   is	   unstable	   and	  decomposes	  on	   standing.	  The	  EI	  mass	   spectrum	  of	   the	  reaction	   product	   suggested	   compound	   147	   had	   been	   formed	   but	   no	   other	   data	   was	  acquired	  on	  this	  material.	  **	  No	  hoped-­‐for	   product	  was	   observed,	   rather	   the	   starting	  materials	   decomposed	  during	  the	  course	  of	  the	  reaction.	  ††	  Temperature:	  80	  °C 
Pyr•HBr3, THF, 
−78 to 18 °C
Pd(dppf)Cl2•CH2Cl2, 
1,4-dioxane:H2O (3:1 v/v),
K2CO3, 40 °C
Pd(dppf)Cl2•CH2Cl2, 
1,4-dioxane:H2O (3:1 v/v),
K2CO3, 80-85 °C
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63	  In	   summary,	   attempts	   to	   engage	   electron-­‐rich	   phenylene	   spacer	   units	   in	   the	  relevant	  reaction	  sequences	  were	   largely	  unsuccessful.	  However,	  analogous	  units	  bearing	  electron-­‐withdrawing	  groups	  reacted	  more	  effectively	  to	  give	  the	  targeted	  quaterpyrroles.	  Furthermore,	  the	  behavior	  of	  bromobenzene	  (143)	  in	  these	  types	  of	   reaction	   sequences	   (Entry	   8)	   suggested	   that	   two-­‐fold	   Suzuki-­‐Miyaura	   cross-­‐coupling	  reactions	  are	  more	  effective	  than	  their	  “single”	  counterparts.	  	  	  	  
4.3 Approaches	  to	  α,α’,β’-­‐Linked	  Oligopyrroles	  	  As	   noted	   in	   the	   preceding	   Chapters,	   non-­‐α,α’-­‐linked	   oligopyrroles	   were	   also	  required	  for	  conductivity	  studies.	  The	  retrosynthetic	  analysis	  shown	  in	  Figure	  4-­‐6	  served	  to	  identify	  a	  possible	  means	  for	  constructing	  representative	  and	  previously	  unreported	  α,α’,β’-­‐linked	  oligopyrroles	  such	  as	  compound	  163.	  Specifically,	  it	  was	  envisaged	   they	   could	   be	   prepared	   by	   a	   two-­‐fold	   Suzuki-­‐Miyaura	   cross-­‐coupling	  reaction	  of	   the	  dibrominated	  bipyrrole	  164	  with	  the	  boronate	  ester	  75.	  Coupling	  partner	   164	   was	   thought	   likely	   to	   be	   accessible	   via	   a	   Suzuki-­‐Miyaura	   cross-­‐coupling	  of	  compound	  165	  with	  1,4-­‐dibromobenzene	  (113)	  followed	  by	  a	  two-­‐fold	  bromo-­‐desilylation	   reaction.	   Accordingly,	   the	   successful	   preparation	   of	   the	  boronate	  ester	  165	  was	  seen	  as	  the	  key	  to	  realising	  syntheses	  of	  these	  sought-­‐after	  oligopyrroles.	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Chapter	  Four	  	  
	   	  
64	  
	  
	  
Figure	  4-­‐6:	  Retrosynthetic	  analysis	  associated	  with	  the	  targeted	  compound	  163	  using	  the	  
key coupling	  partner	  165.	  	  
4.3.1 First-­‐generation	  Approach	  To	  Coupling	  Partner	  165	  	  As	  described	  above,	  a	  key	  synthon	  required	  for	  the	  assembly	  of	  bipyrrole	  164	  was	  the	  boronate	  ester	  165	  and	  the	  opening	  stages	  of	  the	  first	  attempted	  synthesis	  of	  this	   last	  compound	  using	  a	  potential	  starting	  material	  available	   to	   the	  author	  are	  shown	   in	   Scheme	   4-­‐3.	   Thus,	   commercially	   available	   N-­‐Boc	   pyrrole	   (87)	   was	  converted	  into	  the	  di-­‐silyated	  compound	  16690	  and	  this,	  in	  turn,	  was	  subjected	  to	  conditions	   defined	   by	   Le	   Bideau	   et	   al.90	   that	   involved	   an	   acid-­‐catalysed	  isomerisation	  reaction	  wherein	  a	  Wheland-­‐type	  intermediate	   is	  generated	  and	  so	  allowing	  for	  silyl	  group	  migration	  to	  the	  less	  congested	  β-­‐position.91	  	  	  
	  
	  
Scheme	  4-­‐3:	  Reagents	  and	  conditions	  (a)	  TMP,	  n-­‐BuLi,	  TMSCl,	  THF,	  −78	  to	  18	  °C,	  3	  h;	  (b)	  HCl,	  CHCl3,	  18	  °C,	  5	  min.	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65	  The	   next	   stage	   of	   the	   synthesis	   required	   the	   selective	   ipso-­‐bromination	   of	   the	  disilylated	   compound	   167	   using	   NBS.	   When	   the	   relevant	   reaction	   mixture	   was	  stirred	  at	  room	  temperature	  for	  2	  h	  then	  a	  mixture	  of	  the	  starting	  material	  167	  as	  well	  as	  compounds	  168	  and	  169	  was	  obtained.	  These	  constituents	  were	  separated	  by	   flash	   column	   chromatography	   and	   isolated	   in	   13%,	   25%,	   and	   44%	   yields,	  respectively.	  It	  was	  anticipated	  that	  the	  Boc-­‐group	  might	  exert	  some	  control	  in	  the	  regioselective	   formation	   of	   the	   relevant	   bromide.	   However,	   product	   distribution	  studies	  carried	  out	  at	  several	  different	  temperatures	  only	  enhanced	  the	  yield	  of	  the	  desired	  compound,	  168,	  to	  a	  modest	  extent	  (Table	  4-­‐2).	  	  	  
	  
Table	  4-­‐2:	  Formation	  of	  bromide	  168.	  
	  
	  
Entry	   Reaction	  conditions	  
167	  
yield	  (%)	  
168	  
yield	  (%)	  
169	  
yield	  (%)	  
1	   NBS,	  THF,	  18	  °C,	  2	  h	   13	   25	   44	  
2	   NBS,	  THF,	  −10	  °C,	  2	  h	   9	   44	   25	  	  Mono-­‐brominated	   compounds	   168	   and	   169	   were	   identified	   as	   the	   products	   of	  
ipso-­‐bromination	   of	   compound	   167.	   Accurate	   mass	   measurements	   on	   the	  molecular	   ions	   observed	   at	  m/z	   319	   in	   the	   EI	   mass	   spectrum	   of	   each	   of	   these	  established	  the	  molecular	  formula,	  C12H2081BrNO2Si	  in	  each	  instance.	  The	  presence	  of	  TMS-­‐group	  proton	  resonances	  in	  the	  1H	  NMR	  spectrum	  also	  provided	  evidence	  that	   the	   indicated	   products	   had	   been	   formed.	   The	   1H	   and	   13C	   NMR	   spectra	   of	  compounds	  168	   and	  169	  proved	   to	  be	   rather	   similar	   so	   the	  definitive	   structural	  assignment	  of	  each	  compound	  required	  the	  use	  of	  nOe	  techniques.	  In	  particular,	  a	  strong	   correlation	  was	   observed	  between	   the	   associated	  protons	   of	   the	   adjacent	  Boc-­‐	  and	  TMS-­‐groups	  in	  compound	  168.	  In	  addition,	  in	  HMBC	  experiments	  a	  single	  correlation	   was	   observed	   between	   the	   protons	   of	   the	   TMS-­‐group	   and	   the	   C-­‐4	  proton	  and	  so	  confirming	  that	  compound	  168	  had	  indeed	  been	  obtained.	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66	  With	   compounds	   168	   and	   169	   to	   hand	   (Scheme	   4-­‐4)	   the	   relevant	   Miyaura	  borylation	   reactions	   were	   attempted	   using	   the	   same	   conditions	   as	   employed	  earlier	   (see	   Scheme	   2-­‐5).	   However,	   none	   of	   the	   hoped-­‐for	   products	   could	   be	  isolated	   or	   characterised.	   Only	   the	   starting	   material	   was	   recovered	   in	   each	  instance.	  As	  such,	  a	  new	  approach	  to	  synthon	  165	  was	  needed.	  A	  revised	  approach	  is	  detailed	  in	  the	  following	  sections.	  	   	  
	  
Scheme	   4-­‐4:	   Reagents	   and	   conditions	   (a)	   Pd(dppf)Cl2!CH2Cl2,	   Et3N,	   pinacolborane,	   1,4-­‐dioxane,	  80	  °C,	  31	  h;	  (b)	  Pd(dppf)Cl2!CH2Cl2,	  Et3N,	  1,4-­‐dioxane,	  pinacolborane,	  80	  °C,	  46	  h.	  	  
 
4.3.2 A	  Successful	  Route	  to	  Coupling	  Partner	  165:	  	  
The	  Direct	  C-­‐H	  Borylation	  Approach	  	  	  A	  new	  and	  successful	  approach	  to	  compound	  165	  was	  pursued	  as	  a	  result	  of	   the	  failure	   of	   the	   first	   as	   detailed	   above.	   In	   2008,	   Gaunt	   et	   al.92	   reported	   the	  preparation	   of	   compound	   165	   from	   pyrrole	   87	   (Scheme	   4-­‐5).	   The	   reaction	  sequence	  began	  with	  the	  installation	  of	  the	  TMS-­‐group	  at	  C-­‐5	  of	  the	  pyrrole	  ring	  of	  substrate	  87	   and	   this	  was	   followed	  by	  a	  C-­‐H	  borylation	   reaction	   to	  generate	   the	  crucial	  coupling	  partner	  165.93	  Thus,	  N-­‐Boc	  pyrrole	  (87)	  was	  deprotonated	  using	  LDA	  as	   base	   and	   the	  pyrrolic	   anion	   so-­‐formed	  was	   silylated	  with	  TMS-­‐Cl	   to	   give	  compound	   17190	   in	   58%	   yield	   and	   this	   was	   then	   borylated	   under	   microwave	  irradiation	   conditions.	   By	   such	  means,	   the	   required	   coupling	   partner	  16592	  was	  formed	   in	   quantitative	   yield.	   All	   the	   data	   acquired	   on	   compound	   165	   were	  consistent	  with	  assigned	  structure	  and	  matched	  those	  reported	  in	  the	  literature.92	  	  
TMS
Br
Boc
N
Br
TMS
Boc
N
O
O
TMS
B
Boc
N
Boc
N TMS
B
O
O
165168
169 170
a
b
Chapter	  Four	  	  
	   	  
67	  
	  	  
	  
Scheme	   4-­‐5:	   Reagents	   and	   conditions	   (a)	   LDA,	   THF,	   TMSCl,	   −78	   to	   0	   °C,	   27	   h;	   (b)	  [Ir(Cl)(COD)]2,	  dtbpy,	  B2pin2,	  hexane,	  μw	  100	  °C,	  0.83	  h.	  	  
4.3.3 Formation	  of	  β-­‐Linked	  Compounds	  172,	  173	  and	  174	  	  As	   illustrated	   in	   the	  retrosynthetic	  analysis	   shown	   in	  Figure	  4-­‐6,	   the	   first	   step	   in	  the	  proposed	  synthesis	  of	  quaterpyrrole	  163	  was	  a	  Suzuki-­‐Miyaura	  cross-­‐coupling	  of	  bipyrrole	  165	  with	  compound	  113.	  Compound	  165	  was	  best	  generated	   in	  situ	  from	   precursor	   171	   (Scheme	   4-­‐6)	   and	   the	   latter	   then	   coupled	   directly	   with	  dibromide	  113.	  By	  such	  means	  target	  172	  was	  obtained	  in	  56%	  yield	  over	  the	  two	  steps	  involved.	  	  	  	  
	  
Scheme	  4-­‐6:	  Reagents	  and	  conditions	  (a)	  [Ir(Cl)(COD)]2,	  dtbpy,	  B2pin2,	  hexane,	  μw,	  100	  °C,	  0.83	  h;	  (b)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  48	  h.	  
	  The	  400	  MHz	  1H	  NMR	  spectrum	  of	  compound	  172	   is	  shown	  in	  Figure	  4-­‐7	  and	  this	  displayed,	  inter	  alia,	  the	  expected	  eighteen-­‐proton	  singlet	  at	  δ	  0.34	  arising	  from	  the	  hydrogens	  of	  the	  two	  equivalent	  trimethylsilyl	  moieties.	  The	  resonances	  due	  to	  the	  protons	  on	   the	  newly	  established	  pyrrole	   rings	   appeared	  at	   δ	  7.65	  and	  6.79	  and	  were	   assigned	   to	   the	   C-­‐2	   and	   C-­‐4	   protons,	   respectively.	   The	   13C	   NMR	   spectrum	  displayed	   the	  expected	   ten	  carbon	  resonances	  and	  was	  also	   fully	  consistent	  with	  the	   assigned	   structure.	   The	   EI	   mass	   spectrum	   of	   compound	   172	   exhibited	   a	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68	  molecular	   ion	   at	  m/z	   552	   and	   an	   accurate	   mass	   measurement	   on	   this	   species	  established	  that	  it	  was	  of	  the	  expected	  composition,	  viz.	  C30H44N2O4Si2.	  	  
	  
Figure	  4-­‐7:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  172	  
(recorded	  in	  C6D6).	  	  	  With	   the	   reaction	  conditions	  having	  been	  defined	   for	   the	   synthesis	  of	   compound	  
172,	  the	  assembly	  of	  a	  congener,	  namely	  bipyrrole	  173,	  linked	  via	  a	  1,3-­‐phenylene	  bridge	   was	   pursued.	   Compound	   171	   was	   used	   as	   the	   starting	   material	   for	   this	  purpose	   and	   engaged	   in	   a	   C-­‐H	   borylation	   reaction	   then	   a	   Suzuki-­‐Miyaura	   cross-­‐coupling	  reaction	  with	  1,3-­‐dibromobenzene	  (104).	  By	  such	  means,	  compound	  173	  was	  obtained	  in	  73%	  yield	  (Scheme	  4-­‐7).	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Scheme	  4-­‐7:	  Reagents	  and	  conditions	  (a)	  [Ir(Cl)(COD)]2,	  dtbpy,	  B2pin2,	  hexane,	  μw,	  100	  °C,	  0.83	  h;	  (b)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  48	  h.	  	  The	  400	  MHz	  1H	  NMR	  spectrum	  of	  compound	  173	  is	  shown	  in	  Figure	  4-­‐8	  and	  this	  revealed,	  inter	  alia,	  the	  expected	  eighteen-­‐proton	  singlet	  at	  δ	  0.51	  arising	  from	  the	  hydrogens	  of	  the	  two	  equivalent	  TMS-­‐moieties.	  The	  two	  singlets	  observed	  at	  δ	  7.04	  and	   7.80	   were	   assigned	   to	   H-­‐4	   and	   H-­‐2,	   respectively,	   on	   the	   associated	   pyrrole	  rings.	   The	   100	   MHz	   13C	   NMR	   spectrum	   of	   bipyrrole	   173	   was	   also	   completely	  consistent	  with	   the	  assigned	   structure	  while	   the	  EI	  mass	   spectrum	  of	   compound	  
173	  displayed	  a	  molecular	  ion	  at	  m/z	  552.	  An	  accurate	  mass	  measurement	  on	  this	  species	  established	  that	  it	  was	  of	  the	  expected	  composition,	  viz.	  C30H44N2O4Si2.	  	  
 
Figure	  4-­‐8:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  173	  
(recorded	  in	  C6D6).	  	  	  Final	  confirmation	  of	  the	  structure	  of	  compound	  173	  came	  from	  a	  single-­‐crystal	  X-­‐ray	  analysis	  and	  the	  derived	  ORTEP	  is	  shown	  in	  Figure	  4-­‐9.	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Figure	  4-­‐9:	  ORTEP	  derived	  from	  the	  single-­‐crystal	  X-­‐ray	  analysis	  of	  compound	  173.	  	  Given	   the	   successful	   outcomes	   of	   the	   studies	   reported	   immediately	   above,	   the	  preparation	   of	   the	   o-­‐disubstituted	   aromatic	   compound	   174	   was	   also	   pursued.	  Accordingly,	   1,2-­‐dibromobenzene	   (122)	   was	   cross-­‐coupled	   with	   boronate	   ester	  
165	  derived	  in	  situ	  from	  compound	  171	  and	  thus	  affording	  bipyrrole	  174	  in	  79%	  yield	  (Scheme	  4-­‐8).	  	  	  	  
	  
Scheme	  4-­‐8:	  Reagents	  and	  conditions	  (a)	  Ir(Cl)(COD)]2,	  dtbpy,	  B2pin2,	  hexane,	  μw,	  100	  °C,	  0.83	  h;	  (b)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  3	  d.	  	  Once	   again,	   the	   13C	   NMR	   spectrum	   of	   compound	   174	   (Figure	   4-­‐10)	   was	   fully	  consistent	   with	   the	   assigned	   structure,	   displaying	   the	   expected	   eleven	   carbon	  resonances.	  This	  was	  also	   the	  case	  with	   the	  corresponding	   1H	  NMR	  spectrum.	   In	  addition,	   the	   EI	   mass	   spectrum	   displayed	   a	   molecular	   ion	   at	   m/z	   552	   and	   an	  accurate	   mass	   measurement	   on	   this	   species	   proved	   that	   it	   was	   of	   the	   expected	  molecular	  composition,	  viz.	  C30H44N2O4Si2.	  
TMS
Boc
N
a b
O
O
B
TMS
Boc
N
165171
Br
122 174
(79% over 2 steps)
N
TMS
NBoc
TMS
BocBr
Chapter	  Four	  	  
	   	  
71	  
	  
Figure	  4-­‐10:	  100	  MHz	  13C	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  174	  
(recorded	  in	  C6D6).	  	  
4.3.4 Bromination	  of	  Compound	  172	  	  In	  the	  next	  stage	  of	  the	  reaction	  sequence	  attempts	  were	  made	  to	  effect	  the	   ipso-­‐bromination	  of	   compound	  172	  using	   freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  or	  NBS	  in	  various	  solvent	  systems	  (Table	  4-­‐3).	  However,	  no	  evidence	  for	   the	   formation	   of	   the	   hoped-­‐for	   dibromide	  164	   was	   obtained.	   As	   a	   result,	   all	  efforts	  to	  carry	  compound	  172	  forward	  as	  precursor	  to	  the	  target	  compounds	  164	  and	   163	   were	   abandoned.	   Analogous	   outcomes	   were	   not	   encountered	   during	  attempts	  to	  effect	  the	  ipso-­‐halogenation	  of	  compounds	  173	  and	  174.	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Table	  4-­‐3:	  Attempts	  to	  effect	  the	  two-­‐fold	  ipso-­‐bromination	  of	  compound	  172.	  
	  
	  
Entry	   Reaction	  conditions	   Outcome	  
1	   Pyr!HBr3,	  THF,	  −78	  to	  18	  °C	   Decomposition	  
2	   Pyr!HBr3,	  CH2Cl2,	  −78	  to	  18	  °C	   Decomposition	  
3	   NBS,	  THF,	  −78	  to	  18	  °C	   Complex	  mixture	  
4	   NBS,	  acetone,	  0	  to	  18	  °C	   Complex	  mixture	  
5	   NBS,	  acetonitrile,	  0	  to	  18	  °C	   Complex	  mixture	  
6	   NBS,	  CH2Cl2,	  −78	  °C	   No	  reaction	  
7	   NBS,	  CH2Cl2,	  0	  °C	   No	  reaction	  
	  
	  
4.4 Studies	  Directed	  Towards	  the	  Synthesis	  of	  β,α’,α’-­‐Linked	  
Oligopyrroles	  175,	  176	  and	  177	  	  The	   work	   described	   in	   this	   section	   was	   carried	   out	   with	   intention	   of	   preparing	  β,α’,α’-­‐linked	   quaterpyrroles,	   especially	   compounds	   175,	   176	   and	   177,	   using	  pyrrole	  165	  	  (Figure	  4-­‐11)	  as	  the	  key	  coupling	  partner.	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Figure	  4-­‐11:	  Structures	  of	  compounds	  165,	  175,	  176	  and	  177.	  	  Approaches	   to	   the	  β,α,α’-­‐linked	  quaterpyrrole	  175	  was	   first	  pursued.	  Compound	  
171	   served	   as	   the	   starting	   material	   (Scheme	   4-­‐9)	   in	   this	   instance	   and	   it	   was	  engaged	   in	   an	   iridium-­‐catalysed	   C-­‐H	   borylation	   reaction	   using	   [Ir(Cl)(COD)]2,	  dtbpy	   and	   B2pin2	   in	   hexane.	   By	   such	   means,	   compound	   165	   was	   obtained	   and,	  once	  again,	  this	  reacted	  with	  bipyrrole	  112	  to	  generate	  quaterpyrrole	  175	  in	  51%	  yield.	  	  
	  
	  
Scheme	  4-­‐9:	  Reagents	  and	  conditions	  (a)	  [Ir(Cl)(COD)]2,	  dtbpy,	  B2pin2,	  hexane,	  μw,	  100	  °C,	  0.83	  h;	  (b)	  compound	  112,	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  6	  d.	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74	  The	   400	   1H	   NMR	   spectrum	   of	   compound	   175	   (Figure	   4-­‐12)	   featured	   mutually	  coupled	  doublets	  (J	  =	  3.4	  Hz)	  at	  δ	  6.37	  and	  6.30	  that	  are	  assigned	  to	  the	  β-­‐pyrrolic	  protons	   on	   each	   of	   the	   equivalent	   pyrrolic	   rings	   attached	   directly	   to	   the	   central	  phenylene	   spacer	   unit.	   The	   α-­‐protons	   of	   the	   terminal	   (outer)	   pyrrole	   units	  resonated	   at	   δ	   7.80.	   The	   13C	   NMR	   spectrum	   of	   quaterpyrrole	   175	   was	   also	  completely	  consistent	  with	  the	  assigned	  structure	  while	  the	  ESI	  mass	  spectrum	  of	  compound	  175	   displayed	   a	   protonated	  molecular-­‐associated	   ion	   at	  m/z	   883.	   An	  accurate	  mass	  measurement	  on	  this	  species	  established	  that	  it	  was	  of	  the	  expected	  composition,	  viz.	  C48H67N4O8Si2.	  
 
 
Figure	  4-­‐12:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  175	  
(recorded	  in	  C6D6).	  	  When	  bipyrrole	  106	  (Scheme	  4-­‐10)	  was	  subjected	  to	  the	  standard	  Suzuki-­‐Miyaura	  cross	   coupling	   conditions	   used	   earlier	   (see	   Scheme	   4-­‐9)	   and	   in	   situ	   generated	  boronate	   ester	  165	   was	   used	   as	   the	   reaction	   partner	   then	   the	   desired	   two-­‐fold	  cross-­‐coupling	  product	  176	  was	  obtained	  in	  20%	  yield.	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Scheme	  4-­‐10:	  Reagents	  and	  conditions	  (a)	  [Ir(Cl)(COD)]2,	  dtbpy,	  B2pin2,	  hexane,	  μw,	  100	  °C,	  0.83	  h;	  (b)	  compound	  106,	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  6	  d.	  	  The	   100	   MHz	   13C	   NMR	   spectrum	   of	   compound	   176	   (Figure	   4-­‐13)	   displayed	  seventeen	   carbon	   resonances	   rather	   than	   the	   expected	   nineteen	   due	   to	   the	  obscuring	   of	   signals	   by	   those	   arising	   from	   the	   solvent	   C6D6.	   However,	   the	  resonances	   observed	   at	   δ	   83.7	   and	   83.2	   clearly	   indicate	   the	   presence	   of	   t-­‐butyl	  residues	   associated	   with	   two	   pairs	   of	   equivalent	   Boc-­‐protecting	   groups.	   The	   1H	  NMR	   spectrum	   of	   product	   176	   was	   also	   fully	   consistent	   with	   the	   assigned	  structure.	  Furthermore,	  the	  ESI	  mass	  spectrum	  displayed	  a	  protonated	  molecular-­‐associated	   ion	   at	  m/z	   883	   and	   an	   accurate	   mass	   measurement	   on	   this	   species	  established	  that	  it	  was	  of	  the	  expected	  molecular	  composition,	  viz.	  C48H67N4O8Si2.	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Figure	  4-­‐13:	  100	  MHz	  13C	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  176	  
(recorded	  in	  C6D6).	  	  The	  preparation	  of	   the	  β,α’,α’-­‐linked	  compound	  177	  was	  also	  pursed	  (Scheme	  4-­‐11)	   with	   in	   situ	   borylation	   of	   pyrrole	   171	   giving	   boronate	   ester	   165	   that	   was	  immediately	  cross-­‐coupled	  with	  dibromide	  124	  and	  thus	  affording	  compound	  177	  in	  64%	  yield	  over	  the	  two	  steps	  involved.	  	  	   	  
	  
Scheme	  4-­‐11:	  Reagents	  and	  conditions	  (a)	  [Ir(Cl)(COD)]2,	  dtbpy,	  B2pin2,	  hexane,	  μw,	  100	  °C,	  0.83	  h;	  (b)	  compound	  124,	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  7	  d.	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77	  The	  400	  MHz	  1H	  NMR	  spectrum	  of	  compound	  177	  is	  shown	  in	  Figure	  4-­‐14	  and	  this	  revealed,	   inter	  alia,	   the	  expected	  singlets	  at	  δ	  1.27	  and	  1.12	  with	  each	  integrating	  for	   eighteen-­‐protons	   and	   arising	   from	   the	   t-­‐butyl	   residues	   of	   the	   two	   pairs	   of	  equivalent	  Boc-­‐groups.	  The	  13C	  NMR	  spectrum	  of	  quaterpyrrole	  177	  displayed	  the	  expected	  eighteen	  carbon	  resonances	  and	  was	  also	  completely	  consistent	  with	  the	  assigned	   structure.	   In	   addition,	   the	   ESI	   mass	   spectrum	   displayed	   a	   protonated	  molecular-­‐associated	   ion	   at	   m/z	   883	   and	   accurate	   mass	   measurement	   on	   this	  species	  established	  that	  it	  was	  of	  the	  expected	  composition,	  viz.	  C48H67N4O8Si2.	  	  
 
Figure	  4-­‐14:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  177	  
(recorded	  in	  C6D6).	  	  	  
4.5 Towards	  α’,β’,α’-­‐Linked	  Oligopyrroles	  	  The	  preparation	  of	  the	  α’,β’,α’-­‐linked	  oligopyrroles	  was	  also	  investigated.	  To	  such	  ends,	  1,4-­‐dibromobenzene	  (113)	  was	  cross-­‐coupled	  with	  boronic	  acid	  26	  and	  thus	  affording	   bipyrrole	   178	   in	   72%	   yield	   (Scheme	   4-­‐12).	   Following	   protocols	  described	   earlier,	   (see	   Scheme	   4-­‐6),	   compound	   178	   was	   converted	   into	   the	  corresponding	  boronic	  acid	  179	   that	  was	  itself	  coupled	   in	  situ	  with	  pyrrole	  88	   in	  the	  presence	  of	  Pd(dppf)Cl2!CH2Cl2	  and	  K2CO3	  and	  so	  affording	  compound	  180	   in	  71%	  yield.	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Scheme	   4-­‐12:	   Reagents	   and	   conditions	   (a)	   Pd(dppf)Cl2!CH2Cl2,	   K2CO3,	   1,4-­‐dioxane:H2O	  (3:1	   v/v),	   80	   °C,	   48	   h;	   (b)	   [Ir(Cl)(COD)]2,	   dtbpy,	   B2pin2,	   hexane,	   μw,	   100	   °C,	   0.83	   h;	   (c)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  48	  h.	  
	  The	  400	  MHz	  1H	  NMR	  spectrum	  of	  compound	  180	  is	  shown	  in	  Figure	  4-­‐15	  and	  this	  displayed,	   inter	  alia,	  a	  singlet	  at	  δ	  0.54	  that	  arises	   from	  the	  hydrogens	  of	  the	  two	  equivalent	  (and	  capping)	  TMS-­‐moieties.	  The	  resonances	  due	  to	  the	  protons	  on	  the	  newly	  established	  terminal	  pyrrole	  rings	  appeared	  at	  δ	  6.62	  (d,	  J	  =	  3.0	  Hz,	  2H),	  6.37	  (d,	  J	  =	  3.0	  Hz,	  2H)	  while	  the	  remainder	  of	  the	  spectrum	  was	  also	  in	  complete	  accord	  with	  the	  assigned	  structure.	  The	  13C	  NMR	  spectrum	  of	  compound	  180	  showed	  the	  expected	  seventeen	  carbon	  resonance	  while	  the	  ESI	  mass	  spectrum	  of	  this	  material	  displayed	   a	   molecular-­‐associated	   ion	   at	  m/z	   905	   (M	   +	   Na)+.	   An	   accurate	   mass	  measurement	  on	  this	  species	  established	  that	  it	  was	  of	  the	  expected	  composition,	  
viz.	  C48H66N423NaO8Si2.	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Figure	  4-­‐15:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  180	  
(recorded	  in	  C6D6).	  	  Final	  confirmation	  of	  the	  structure	  of	  compound	  180	  came	  from	  a	  single-­‐crystal	  X-­‐ray	   analysis.	   The	   derived	   ORTEP	   is	   shown	   in	   Figure	   4-­‐16	   and	   revealed	   close	   to	  orthogonal	   relationships	   between	   all	   of	   the	   immediately	   adjacent	   aromatic	  residues.	  	  
	  
	  
Figure	  4-­‐16:	  ORTEP	  derived	  from	  the	  single-­‐crystal	  X-­‐ray	  analysis	  of	  quaterpyrrole	  180.	  
	  The	   reaction	   conditions	   established	   for	   the	   synthesis	   of	   compound	   180	   were	  applied	   to	   the	   preparation	   of	   congener	  182	   in	  which	   there	   is	   a	   1,3-­‐relationship	  between	   the	   bipyrrolic	   side-­‐chains	   attached	   to	   the	   central	   benzenoid	   core.	   The	  reaction	   sequence	   thus	   began	   (Scheme	   4-­‐13)	   with	   the	   Suzuki-­‐Miyaura	   cross-­‐coupling	  reaction	  of	  1,3-­‐dibromobenzne	  (104)	  and	  2.5	  equiv.	  of	  boronic	  acid	  26	  in	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80	  the	  presence	  of	  Pd(dppf)Cl2!CH2Cl2.	  After	  purification,	  product	  10573	  was	  obtained	  in	   68%	   yield.	   Two-­‐fold	   borylation	   of	   compound	  105	   using	   [Ir(Cl)(COD)]2,	   dtbpy	  and	  bis(pinacolato)diboron	   in	  hexane	  gave	  compound	  181	   that	  was	   immediately	  subjected	   to	   another	   Suzuki-­‐Miyaura	   cross-­‐coupling	   reaction,	   this	   time	   with	  compound	  88	  and	  so	  affording	  product	  182	  in	  18%	  yield.	  	  	  
	  
Scheme	   4-­‐13:	   Reagents	   and	   conditions	   (a)	   Pd(dppf)Cl2!CH2Cl2,	   K2CO3,	   1,4-­‐dioxane:H2O	  (3:1	   v/v),	   80	   °C,	   3	   d;	   (b)	   [Ir(Cl)(COD)]2,	   dtbpy,	   B2pin2,	   hexane,	   μw,	   100	   °C,	   0.83	   h;	   (c)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  3	  d.	  	  The	   most	   notable	   features	   observed	   at	   the	   400	   MHz	   1H	   NMR	   spectrum	   of	  compound	   182	   (Figure	   4-­‐17)	   were	   an	   eighteen-­‐proton	   singlet	   at	   δ	   0.50	   that	   is	  assigned	  to	  the	  protons	  of	  the	  two	  newly	  introduced	  and	  equivalent	  trimethylsilyl-­‐groups	  while	  the	  β-­‐protons	  of	  the	  newly	  introduced	  pyrrole	  residues	  resonated	  at	  δ	   6.61	   and	  6.36.	   The	  ESI	  mass	   spectrum	  displayed	   a	  molecular-­‐associated	   ion	   at	  
m/z	  905	  (M	  +	  Na)+,	  and	  an	  accurate	  mass	  measurement	  on	  this	  species	  established	  that	  it	  was	  of	  the	  expected	  the	  molecular	  composition,	  viz.	  C48H66N423NaO8Si2.	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Figure	  4-­‐17:	  400	  MHz	  1H	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  182	  
(recorded	  in	  C6D6).	  	  When	   1,2-­‐dibromobenzene	   (122)	   was	   used	   as	   the	   starter	   unit	   and	   engaged	   in	  cross-­‐coupling	  reaction	  using	  boronic	  acid	  26	  then	  compound	  183	  was	  obtained	  in	  60%	  yield	  (Scheme	  4-­‐14).	  Product	  183	  was	  itself	  converted	  into	  the	  corresponding	  boronate	   ester	   184	   using	   the	   usual	   iridium	   catalyst	   in	   conjunction	   with	  bis(pinacolato)diboron	   and	   immediate	   reaction	   of	   the	   latter	   compound	   with	  pyrrole	  88	  in	  the	  presence	  of	  Pd(dppf)Cl2!CH2Cl2	  then	  afforded	  quaterpyrrole	  185	  in	  42%	  yield.	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Scheme	   4-­‐14:	   Reagents	   and	   conditions	   (a)	   Pd(dppf)Cl2!CH2Cl2,	   K2CO3,	   1,4-­‐dioxane:H2O	  (3:1	   v/v),	   80	   °C,	   3	   d;	   (b)	   [Ir(Cl)(COD)]2,	   dtbpy,	   B2pin2,	   hexane,	   μw,	   100	   °C,	   0.83	   h;	   (c)	  Pd(dppf)Cl2!CH2Cl2,	  K2CO3,	  1,4-­‐dioxane:H2O	  (3:1	  v/v),	  40	  °C,	  4	  d.	  
	  Once	   again,	   the	   400	   MHz	   1H	   NMR	   and	   the	   100	   MHz	   13C	   NMR	   spectra	   of	  quaterpyrrole	   185	   (Figure	   4-­‐18)	   were	   both	   completely	   consistent	   with	   the	  assigned	   structure.	   The	   1H	   NMR	   spectrum	   featured	   resonances	   between	   δ	   7.14-­‐6.31	   integrating	   for	   eight-­‐protons	   and	   are	   assigned	   to	   those	  protons	   residing	   on	  the	  pyrrole	  rings.	  The	  13C	  NMR	  spectrum	  of	  compound	  185	  showed	  the	  expected	  eighteen	   carbon	   resonances.	   In	   addition,	   the	   ESI	   mass	   spectrum	   revealed	   a	  molecular-­‐associated	   ion	   at	   m/z	   905	   (M	   +	   Na)+,	   and	   an	   accurate	   mass	  measurement	  on	  this	  species	  established	  that	  it	  was	  of	  the	  expected	  composition,	  
viz.	  C48H66N423NaO8Si2.	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Figure	  4-­‐18:	  100	  MHz	  13C	  NMR	  spectrum	  of	  the	  Suzuki-­‐Miyaura	  cross-­‐coupling	  product	  185	  
(recorded	  in	  C6D6).	  
	  
4.6 Conclusion	  	  This	   Chapter	   has	   detailed	   the	   preparation	   of	   the	   various	   forms	   of	   oligomers	  incorporating	  a	  variety	  of	  phenylene	  ring	  spacers	  and	  pyrrole	  units.	  Various	  α,β-­‐linked	   systems	  were	   also	   synthesised.	   It	   is	   worth	   noting	   that	   no	   other	   research	  groups	   have	   reported	   work	   on	   approaches	   to	   these	   α-­‐	   and	   β-­‐linked	   oligomers.	  Time	   constraints	   meant	   that	   only	   quaterpyrroles	  175,	   176,	   177,	   180,	   182	   and	  
185	   could	  be	  prepared.	  However,	   there	   is	   every	  expectation	   that	  bromination	  of	  these	   compounds	   followed	   by	   various	   relevant	   Suzuki-­‐Miyaura	   cross-­‐coupling	  reactions	   would	   afford	   the	   corresponding	   sexipyrroles	   in	   a	   straightforward	  manner.	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Figure	  4-­‐19:	  Structures	  of	  compounds	  175,	  176,	  177,	  180,	  182	  and	  185	  prepared	  during	  
the	  course	  of	  studies	  reported	  herein.	  	  	  	  	  
TMS
BocN
N
Boc
N
NBoc
TMS
175
Boc
176
TMS N
Boc
N
Boc
BocN
NBoc
TMS
177
TMS
NBoc
N
Boc
BocN
NBoc
TMS
N
N TMS
TMS
BocN
N
Boc
Boc
Boc
185
NBoc
NBoc
TMS
TMS
BocN
N
Boc
182
N
N
Boc
NBoc
BocN
TMS
TMS
180
Boc
	  	  
	  
5 CHAPTER	  FIVE	  Physicochemical	  Studies	  on	  Certain	  Chemically	  Well-­‐defined	  Oligopyrroles	  and	  their	  Derived	  Polymers	  	  
5.1 Introduction	  	  The	  outcomes	  of	  studies	  of	  the	  physicochemical	  properties	  of	  selected	  compounds	  prepared	  as	  described	   in	   the	  preceding	  Chapters	  and	   their	  derived	  polymers	  are	  detailed	   here.	   These	   studies	   involved	   the	   use	   of	   UV-­‐visible	   spectroscopic,	   cyclic	  voltammetric	  and	  four-­‐point	  probe	  conductivity	  techniques.	  
	  
	  
5.2 UV-­‐Visible	  Spectroscopy	  	  The	  chemical	  polymerisation	  of	  the	  well-­‐defined	  oligomers	  prepared	  according	  to	  the	   protocols	   defined	   earlier	  was	   initially	   studied	   by	  UV-­‐visible	   spectroscopy.	   In	  this	   study,	   compounds	   112,	   111	   and	   116	   (Figure	   5-­‐1)	   were	   used	   as	   typical	  examples	  in	  an	  ascending	  series	  of	  oligopyrroles.	  	  	  
	  
Figure	  5-­‐1:	  Structures	  of	  compounds	  112,	  111,	  and	  116.	  	  
N
Boc
N
TMS
TMS
112
N
N
Boc
N
N
Boc
TMS
TMS
111
Boc
Boc
Boc
N
N
Boc
N
N
Boc
Boc
Boc
N
Boc
116
Chapter	  Five	  	  
	   	  
86	  In	   experimental	   terms,	   0.025	  mM	   solutions	   of	   compounds	  112,	  111	   and	  116	   in	  dichloromethane	   were	   prepared.	   UV-­‐visible	   spectra	   were	   recorded	   before	   and	  after	  treatment	  of	  these	  solutions	  with	  0.1	  mole	  equivalent	  of	  trifluoroacetic	  acid	  (TFA)	   that	   were	   then	   kept	   at	   room	   temperature	   (in	   a	   capped	   volumetric	   flask).	  TFA	  was	   added	   in	   the	   expectation	   that	   this	  would	   induce	   polymerisation	   of	   the	  relevant	   oligomer.	   The	   solutions	   were	   monitored	   for	   11	   days	   at	   20	   °C	   using	   a	  Shimadzu	  UV-­‐2450	   spectrometer	   fitted	  with	   a	  CPS-­‐temperature	   controller‡‡.	   The	  maximum	   absorption	   of	   compound	   112	   appeared	   at	   ca.	   300	   nm	   and	   a	  hypsochromic	  shift	  to	  285	  nm	  was	  observed	  as	  soon	  as	  TFA	  was	  added	  (Figure	  5-­‐2).	  However,	  no	  absorption	  was	  observed	  at	  wavelengths	  longer	  than	  400	  nm	  even	  after	  treatment	  with	  TFA	  and	  this	  suggested	  that	  no	  significant	  polymerisation	  of	  the	  oligomer	  was	  taking	  place,	  even	  over	  extended	  periods	  of	  time	  (viz.	  even	  after	  11	  days).	  	  	  
	  
Figure	  5-­‐2:	  The	  UV-­‐visible	  spectra	  of	  a	  0.025	  mM	  solution	  of	  compound	  112	  in	  CH2Cl2	  before	  
and	  after	  treatment	  with	  TFA.	  	  A	  similar	  outcome	  was	  observed	  for	  quaterpyrrole	  111	  (Figure	  5-­‐3)	  with	  the	  main	  absorption	  band	  shifting	  from	  311	  to	  306	  nm	  after	  the	  addition	  of	  acid.	  There	  was	  an	  accompanying	  decrease	  in	  intensity	  of	  the	  absorption	  as	  well.	  As	  before,	  there	  were	   no	   further	   changes	   in	   the	   position	   of	   the	   maximum	   absorption	   over	   the	  following	  11	  days.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ‡‡	  The	  CPS-­‐temperature	  controller	  simply	  controls	  the	  temperature	  inside	  the	  cell.	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Figure	  5-­‐3:	  The	  UV-­‐visible	  spectra	  of	  a	  0.025	  mM	  solution	  of	  compound	  111	  in	  CH2Cl2	  before	  
and	  after	  treatment	  with	  TFA.	  	  The	   situation	  with	   the	   pentapyrrole	   116	   (Figure	   5-­‐4)	  was	   a	   little	   different.	   The	  maximum	  absorption	  was	  observed	  at	  310	  nm	  before	  TFA	   treatment	  and	  at	  270	  nm	   afterwards.	   The	   intensity	   of	   the	   latter	   band	   also	   increased	   over	   time	   albeit	  slowly.	  A	  characteristic	  polaron/bipolaron	  band1,45,46	  was	  observed	  at	  488	  nm	  on	  the	  fifth	  day	  and	  this	  increased	  in	  intensity	  from	  that	  point.	  Additionally,	  the	  colour	  of	  the	  solution	  changed	  from	  colourless	  to	  light	  pink.	  These	  features	  are	  attributed	  to	   the	   unsubstituted	   nature	   of	   the	   terminal	   pyrrole	   units	  within	   compound	  116	  and	   the	  capacity,	   therefore,	  of	   this	  oligomer	   to	  polymerise,	  albeit	   seemingly	  very	  slowly.	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Figure	  5-­‐4:	  The	  UV-­‐visible	  spectra	  of	  a	  0.025	  mM	  solution	  of	  compound	  116	  in	  CH2Cl2	  before	  
and	  after	  treatment	  with	  TFA.	  	  In	  summary,	   then,	   the	  changes	   in	   the	  UV-­‐visible	  spectra	  of	   compounds	  112,	  111	  and	   116	   after	   each	   was	   treated	   with	   TFA	   were	   not	   particularly	   distinctive.	  Moreover,	   the	   rate	   of	   oligomerisation/polymerisation	   of	   these	   chemically	   well-­‐defined	   species	   seemed	   rather	   slow.	   Polaron/bipolaron	   formation	   was	   only	  detected	  for	  compound	  116	  within	  which	  no	  pyrrole	  capping	  groups	  are	  present.	  The	  slow	  rates	  of	  acid-­‐catalysed	  polymerisation	  are	  attributed	  to	  the	  presence	  of	  the	  electron-­‐withdrawing	  Boc-­‐protecting	  groups.	  	  	  	  
5.3 Cyclic	  Voltammetry	  	  As	  detailed	  in	  Chapter	  One,	  polypyrrole	  can	  be	  oxidised§§	  and	  reduced	  in	  ways	  that	  are	   similar	   to	   those	   encountered	  with	  other	   redox	  polymers	   (e.g.	   polythiophene,	  polyacetylene	   and	   polyaniline).	   Accordingly,	   the	   work	   detailed	   in	   the	   following	  sections	  was	  carried	  out	  with	   the	   intention	  of	  defining	   the	  redox	  activities	  of	   the	  compounds	   synthesised	   as	   described	   in	  Chapters	  Three	   and	  Four.	   In	   the	   studies	  reported	   below	   the	   first	   oxidation	   potentials	   of	   all	   of	   the	   oligopyrroles	   were	  determined.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  §§	  The	  detailed	  mechanism	  for	  the	  oxidative	  polymerisation	  of	  pyrrole	  to	  polypyrrole	  was	  described	  in	  Section	  1.4.3,	  Chapter	  One.	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5.3.1 First-­‐generation	  Cyclic	  Voltammetry	  (CV)	  Studies	  	  The	   initial	   CV	   studies	   were	   performed	   at	   Macquarie	   University	   using	   a	  MacLab/200	  potentiostatic	  system	  (provided	  by	  eDaq	  Pty	  Ltd,	  Sydney,	  Australia)	  controlled	  by	  EChem	  software.	  A	  conventional	  three-­‐electrode	  cell	  setup	  (Figure	  5-­‐5)	  was	   used	   comprising	   a	   platinum	  wire	   counter	   electrode,	   a	   gold-­‐disc	  working	  electrode	   (3	   mm	   dia.)	   and	   a	   second	   platinum	   wire	   that	   serves	   as	   a	   pseudo-­‐reference	  electrode.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  5-­‐5:	  General	  setup	  used	  for	  cyclic	  voltammetry	  experiments:	  (a)	  overview***;	  (b)	  
close-­‐up	  of	  the	  cell.	  	  In	   each	   experiment,	   0.002	  M	  solutions	   of	   compounds	  112,	  114,	  111,	  115,	  116,	  
110,	  117,	  106,	  118,	  119,	  120,	  121,	  123,	  124,	  125,	  126,	  127	  and	  128	  (Figure	  5-­‐6)	  in	   dichloromethane	   (5	   mL)	   were	   prepared	   using	   a	   0.2	   M	   solution	   of	  tetrabutylammonium	   tetrafluoroborate	   in	   dichloromethane	   as	   the	   supporting	  electrolyte.	  All	  potentials	  were	  referenced	  to	  the	  ferrocene/ferricinium	  ion	  couple	  (E	  =	  0.042	  mV	  vs	  Ag/AgCl).94	  The	  potential	  was	  then	  swept	  from	  −1.00	  to	  +1.80	  V	  at	   0	   °C	   using	   scan	   rates	   of	   50	   or	   100	   Vs-­‐1.	   A	   temperature	   of	   0	   °C	   was	   chosen	  because	  redox	  potentials	  were	  only	  detected	  at	  0	  °C.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ***	  The	  Potentiostat	  controls	  the	  voltage	  difference	  between	  a	  working	  electrode	  and	  reference	  electrode.	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Figure	  5-­‐6:	  Structures	  of	  the	  oligopyrroles	  (112,	  114,	  111,	  115,	  116,	  110,	  117,	  106,	  118,	  
119,	  120,	  121,	  123,	  124,	  125,	  126	  127	  and	  128)	  subjected	  to	  CV	  measurements.	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91	  By	   such	   means,	   the	   recording	   of	   the	   cyclic	   voltammogram	   of	   each	   of	   the	  abovementioned	   compounds	   was	   undertaken.	   However,	   several	   obstacles	   were	  encountered.	  Firstly,	  the	  redox	  potentials	  of	  some	  but	  not	  all	  of	  these	  compounds	  were	  only	  detected	  at	  0	  °C	  and	  not	  at	  18	  °C.	  Secondly,	  certain	  early	  results	  proved	  to	  be	  irreproducible.	  Accordingly,	  an	  alternate	  means	  for	  establishing	  the	  required	  CV	  profiles	  was	  pursued.	  Details	  are	  provided	  in	  the	  following	  section.	  	  
5.3.2 Second-­‐generation	  CV	  Studies	  	  In	   the	   second-­‐generation	   CV	   studies	   a	   technically	   more	   contemporary/modern	  instrument	  was	  employed.	  By	  such	  means	  the	  redox	  properties	  of	  compounds	  112,	  
114,	  111,	  115,	  116,	  110,	  117,	  106,	  118,	  119,	  120,	  121,	  123,	  124,	  125,	  126,	  127	  and	  128	  could	  be	  recorded	  at	  18	  °C.	  In	  addition,	  it	  was	  established	  that	  there	  was	  no	  difference	  in	  outcome	  as	  a	  function	  of	  using	  either	  gold	  or	  platinum	  electrodes.	  By	   following	   various	   leads	   identified	   as	   a	   result	   of	   a	   literature	   survey,43,95	   the	  platinum	  electrode	  was	  chosen	  as	  the	  working	  one.	  Ultimately,	  the	  CV	  studies	  were	  conducted	  using	  a	  CH	  instrument	  (from	  CH	  Instruments	  Inc.)	  (Figure	  5-­‐7)96	  fitted	  with	   a	   standard	   three-­‐electrode	   setup	   involving	   a	   platinum	   mesh	   as	   counter	  electrode,	   a	   platinum	   working	   electrode	   (1.6	   mm	   dia.)	   and	   Ag/Ag+	   reference	  electrode	   (non-­‐aqueous	   reference	   electrode	   kit	   from	  BASi,	   product	   number:	  MF-­‐2062).	   This	   reference	   electrode	   was	   filled	   with	   0.1	   mM	   TBAP	   in	   acetonitrile	   to	  yield	  a	  E!!†††  of	  0.244	  V	  (vs	  Fc+/Fc).	  In	  each	  experiment	  a	  0.003-­‐0.005	  M	  solution	  of	  the	  relevant	  oligopyrroles	  in	  dichloromethane	  was	  added	  to	  a	  solution	  of	  TBAP	  in	  dichloromethane	   (3	   mL	   of	   a	   0.1	   mM	   solution)	   and	   three	   consecutive	   cyclic	  voltammetric	  scans	  were	  conducted	  between	  0	  to	  +1.60	  V	  at	  a	  scan	  rate	  of	  0.05	  Vs-­‐1.	  The	  results	  of	  such	  experiments	  are	  described	  in	  the	  following	  section.	  	  	  	  	  	  
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  †††	  E!!	  is	   the	   half-­‐wave	   potential	   and	   equal	   to	   the	   average	   value	   of	   the	   oxidation	   and	  reduction	  peaks.	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Figure	  5-­‐7:	  (a)	  The	  CH	  instrument	  used	  in	  the	  second-­‐generation	  CV	  studies;	  (b)	  and	  (c)	  
close	  ups	  of	  the	  cell.	  	  
 Cyclic	  Voltammetric	  Properties	  of	  Compounds	  112,	  114,	  111,	  5.3.2.1
115,	  116	  and	  110	  	  The	   cyclic	   voltammogram of	   compound	   112	   shown	   in	   Figure	   5-­‐8	   reveals	   an	  oxidation	  peak	  was	  observed	  at	  +1.10	  V	  when	  the	  potential	  was	  swept	   from	  0	  to	  +1.60	   V	   but	   no	   reduction	   peak	   was	   observed	   in	   the	   reverse	   scan.	   Although	  bipyrrole	   112	   contains	   a	   phenylene	   ring	   and	   Boc-­‐protecting	   groups	   the	   first	  oxidation	   potential	   of	   this	   material	   was	   close	   in	   form	   to	   that	   of	   the	   analogous	  bipyrrole	   	   (+1.07	  V)	   as	   reported	   by	  Kadish	   et	  al.33	  However,	   this	   oxidation	   peak	  disappeared	   in	   subsequent	   cycles	   due	   to	   the	   formation	   of	   a	   passivating	   film	   of	  compound	  112	  on	  the	  surface	  of	  the	  platinum	  electrode	  at	  the	  end	  of	  the	  oxidation	  scan	  when	   this	  was	   carried	  out	   at	   +1.60	  V.	   	   This	   film	  hindered	   electron	   transfer	  reactions	  in	  the	  subsequent	  oxidation	  cycle.	  	  
Working	  electrode:	  Pt	  
Reference	  electrode:	  Ag/Ag+	  reference	  electrode	  
Counter	  electrode:	  
Pt	  mesh	  
(a)	   (b)	   (c)	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Figure	  5-­‐8:	  Cyclic	  voltammogram	  of	  compound	  112	  in	  0.1	  M	  TBAP/CH2Cl2	  as	  recorded	  using	  
a	   platinum	   (working)	   electrode.	   Monomer	   concentration	   =	   6.2	   mM1.	   Electrode	   potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  A	  similar	  CV	  profile	  was	  observed	  for	  compound	  114	  (Figure	  5-­‐9).	  In	  this	  instance,	  the	  oxidation	  peak	  was	  observed	  at	  +1.10	  V	  in	  the	  first	  oxidation	  cycle	  but	  not	  in	  subsequent	  scans.	  The	  absence	  of	  peaks	  in	  the	  subsequent	  cycles	  is	  most	  likely	  due	  to	  the	  hindrance	  of	  the	  electron	  transfer	  reaction	  of	  compound	  114	  at	  the	  platinum	  electrode	  after	  an	  oligomeric	  film	  is	  formed	  at	  the	  end	  of	  the	  first	  cycle.	  	  
	  
Figure	  5-­‐9:	  Cyclic	  voltammogram	  of	  compound	  114	  in	  0.1	  M	  TBAP/CH2Cl2	  as	  recorded	  using	  
a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  5.8	  mM.	  Electrode	  potential	  limits	  
0-­‐1.60	  V;	  scan	  rate	  =	  0.05V	  s-­‐1.	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94	  In	   analogous	   CV	   experiments,	   when	   a	   0	   to	   +1.60	   V	   potential	   range	  was	   applied	  compound	  111	   exhibited	   three	  oxidation	  peaks	   at	   +1.03	  V,	   +1.27	  V	   and	  +1.46	  V	  during	   the	   first	   cycle	   (Figure	   5-­‐10).	   No	   reduction	   peaks	   were	   observed.	   In	  subsequent	   scans,	   only	   two	   oxidation	   potentials	   were	   observed,	   at	   +1.19	   V	   and	  +1.36	  V.	  Once	  again,	   this	  effect	   is	  presumed	  to	  be	  due	  to	   the	  deposition	  of	  newly	  formed	   oligomeric	   materials	   on	   the	   surface	   of	   the	   platinum	   working-­‐electrode	  during	  the	  first	  cycle	  that	  then	  blocked	  access/reaction	  of	  fresh	  oligomer	  from	  the	  bulk	  solution.	  The	  detailed	  reasons	  for	  the	  observation	  of	  just	  two	  oxidation	  peaks	  in	  subsequent	  scans	  remain	  unclear	  at	  the	  present	  time.	  	  
	  
Figure	   5-­‐10:	   Cyclic	   voltammogram	   of	   compound	  111	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.8	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  CV	  studies	  of	  compound	  115	  revealed,	  in	  the	  first	  cycle,	  oxidation	  peaks	  at	  +1.00	  V,	  +1.06	   V	   and	   +1.23	   V.	   (Figure	   5-­‐11).	   However,	   once	   again,	   as	   a	   result	   of	   the	  deposition	   of	   insulating	   oligomeric	   material	   on	   the	   surface	   of	   the	   platinum	  electrode	   the	   oxidation	   peaks	   were	   not	   observed	   at	   the	   same	   potential	   in	   the	  subsequent	  cycles. 	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Figure	   5-­‐11:	   Cyclic	   voltammogram	   of	   compound	  115	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.9	  mM.	  Electrode	  potential	  
limits	  0-­‐1.3	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  Compound	   116	   exhibited	   (Figure	   5-­‐12)	   the	   most	   interesting	   electrochemical	  properties	   by	   displaying	   consistent	   oxidative	   properties	   during	   all	   three	   cycles	  with	  oxidation	  peaks	  being	  observed	  at	  +0.87	  V,	  +1.00	  V	  and	  +1.08	  V.	  	  
	  
Figure	   5-­‐12:	   Cyclic	   voltammogram	   of	   compound	  116	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.8	  mM.	  Electrode	  potential	  
limits	  0-­‐1.20	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  The	  cyclic	  voltammogram	  of	  compound	  110	  (Figure	  5-­‐13)	  revealed	  four	  oxidation	  peaks	  between	  +0.45	  V	  and	  +1.45	  V.	  Once	  again,	  no	  reduction	  peak	  was	  observed.	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96	  However,	   as	   the	   number	   of	   cycles	   increased	   the	   oxidation	   peaks	   faded.	   This	   is	  attributed,	   to	   the	  deposition	  of	   insulating	   oligomers	   on	   the	   surface	   of	   electrodes	  after	   the	   first	   cycle.	   Similar	   results	  were	  observed	   for	   compounds	  114,	   111	   and	  
115.	  	  
	  
Figure	   5-­‐13:	   Cyclic	   voltammogram	   of	   compound	  110	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.2	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  V	  s-­‐1.	  	  In	   overall	   terms,	   then,	   reduction	   peaks	   were	   not	   observed	   for	   compounds	  112,	  
114,	   111,	   115,	   116	   and	   110.	   Although	   broad	   (but	   low	   intensity)	   waves	   were	  observed	   for	   compounds	   115	   and	   110	   they	   could	   have	   arisen	   from	   capacitive	  current	  rather	  than	  reduction	  reactions.	  	  As	   revealed	   in	   Figure	   5-­‐15,	   and	   broadly	   speaking,	   as	   the	   number	   of	   pyrrole	  residues	   in	   the	   oligomer	   increased	   then	   the	   oxidation	   potentials	   of	   the	   system	  decreased.33	   So,	   for	   example,	   sexipyrrole	   110	   polymerised	   at	   a	   lower	   oxidation	  potential	  than	  did	  bipyrrole	  112.	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Figure	  5-­‐	  14:	  Structures	  of	  the	  compounds	  112,	  114,	  111,	  115,	  116	  and	  110.	  
	  
	  
Figure	  5-­‐15:	  The	  initial	  (first	  cycle)	  oxidation	  potentials	  of	  compounds	  112,	  114,	  111,	  115,	  
116	  and	  110.	  	  In	   addition,	   due	   to	   the	   presence	   of	   electron-­‐withdrawing	   Boc-­‐protecting	   groups,	  the	   first	   oxidation	  values	   of	   the	   above-­‐mentioned	   compounds	  were	  much	  higher	  than	  those	  reported	  for	  neat	  bipyrrole	  15	   (+0.60	  V),	  terpyrrole	  17	  (+0.28	  V)	  and	  quaterpyrrole	  186	  (+0.16	  V)	  (Figure	  5-­‐16).95	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Figure	  5-­‐16:	  Structures	  of	  compounds	  15,	  17	  and	  186.	  	  
 Cyclic	  Voltammetric	  Properties	  of	  Compounds	  117,	  106,	  118,	  5.3.2.2
119,	  120	  and	  121	  	  The	   salient	   CV	   properties	   of	   compounds	  117,	  106,	  118,	  119,	  120	   and	  121	   are	  summarised	  in	  Figure	  5-­‐18	  (and	  the	  individual	  CVs	  of	  these	  compounds	  are	  shown	  in	   the	   Appendix	   A.8).	   Thus,	   those	   oligomers	   incorporating	   1,3-­‐phenylene-­‐linked	  pyrroles	   displayed	   similar	   properties	   to	   their	   1,4-­‐phenylene-­‐linked	   counterparts	  as	   described	   immediately	   above.	   So,	   once	   again,	   as	   the	   number	   of	   pyrrole	   units	  within	   the	   relevant	   oligomer	   increased	   then	   the	   oxidation	   potential	   decreased.	  This	  is	  undoubtedly	  the	  consequence	  of	  the	  more	  extended	  conjugation	  within	  the	  larger	  systems.	  	  
 
 
 
Figure	  5-­‐	  17: Structures	  of	  the	  compounds	  117,	  106,	  118,	  119,	  120	  and	  121. 
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Figure	  5-­‐18:	  The	  initial	  oxidation	  potentials	  of	  compounds	  117,	  106,	  118,	  119,	  120	  and	  
121.	  	  The	   initial	   oxidation	   peaks	   of	   compounds	   117,	   106,	   119	   and	   120	   disappeared	  after	   the	   first	   cycle	   and,	   as	   before,	   reduction	   peaks	   were	   not	   observed	   in	   any	  instance.	  Due	  to	  the	  deposition	  of	  insulating	  oligomeric	  material	  on	  the	  surface	  of	  the	   platinum	   electrode	   at	   the	   end	   of	   the	   first	   cycle	   no	   further	   oxidation	   was	  normally	  observed.	  Exceptions	  to	  this	  were	  encountered	  with	  compounds	  118	  and	  
121	  (Figure	  5-­‐19	  and	  5-­‐20).	  Thus,	  in	  the	  case	  of	  compound	  118	  when	  the	  voltage	  was	  swept	   from	  0	  to	   just	  +1.30	  V,	   then	  oxidation	  peaks	  were	  observed	  at	  almost	  similar	  values	  over	  two	  cycles.	  For	  compound	  121	   the	   initial	  oxidation	  peak	  was	  observed	  at	  a	  slightly	  higher	  potential	  than	  in	  the	  second	  and	  third	  cycles	  while	  the	  two	  higher	  ones	  retained	  the	  same	  value	  throughout	  the	  experiment.	  These	  results	  strongly	   suggest	   that	   compounds	  118	   and	  121	   do	  not	   form	  passivating	   films	  on	  the	  surface	  of	  the	  electrode	  when	  the	  operating	  potential	  is	  no	  greater	  than	  +1.30	  V.	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Figure	   5-­‐19:	   Cyclic	   voltammogram	   of	   compound	  118	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.8	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   5-­‐20:	   Cyclic	   voltammogram	   of	   compound	  121	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  2.9	  mM.	  Electrode	  potential	  
limits	  0-­‐1.40	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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 Cyclic	  Voltammetric	  Properties	  of	  Compounds	  123,	  124,	  125,	  5.3.2.3
126,	  127	  and	  128	  	  Similar	  trends	  to	  those	  detailed	  above	  were	  observed	  for	  the	  1,2-­‐phenylene-­‐linked	  series	  of	  compounds	  as	  well.	  Thus,	  for	  example,	  sexipyrrole	  128	  displayed	  (Figure	  5-­‐22)	  lower	  oxidation	  potentials	  than	  bipyrroles	  123	  and	  124.	  	  	  
 
	  
Figure	  5-­‐	  21:	  Structures	  of	  the	  compounds	  123,	  124,	  125,	  126,	  127	  and	  128.	  	  
	  
Figure	  5-­‐22:	  The	  initial	  oxidation	  potentials	  of	  compounds	  123,	  124,	  125,	  126,	  127	  and	  
128.	  	  However,	  in	  contrast	  to	  the	  other	  linked	  systems,	  compounds	  123,	  124,	  125,	  126,	  
127	   and	   128	  proved	  quite	  stable	   to	  repeat	  CV	  runs	  as	   long	  as	   the	  potential	  was	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  kept	  below	  +1.40	  V	  (the	  cyclic	  voltammogram	  of	  these	  compounds	  are	  presented	  in	  Appendix	  A.8).	  	  	  
 Cyclic	  Voltammetric	  Properties	  of	  Compounds	  Described	  in	  5.3.2.4
Chapter	  Four	  	  The	   influence	  of	   the	  different	   substituents	   on	   the	  phenylene	   linker	   on	   the	   redox	  properties	   of	   the	   oligopyrroles	   prepared	   as	   described	   in	   Chapter	   Four	  was	   also	  investigated	  (the	  cyclic	  voltammogram	  of	  most	  of	  the	  compounds	  in	  question	  are	  presented	  in	  Appendix	  A.8).	  Thus,	  the	  first	  oxidation	  potentials	  of	  compound	  131-­‐
135	  were	  +1.20	  V,	  +1.29	  V,	  +1.06	  V,	  +1.00	  V	  and	  +0.88	  V,	  respectively	  (Figure	  5-­‐23).	  These	  values	  are	  very	  similar	  to	  those	  encountered	  in	  the	  corresponding	  non-­‐methylated	   systems	   112	   (+1.10	   V),	   114	   [+1.10(2)	   V],	   111	   (+1.03	   V)	   and	   115,	  (+1.00	  V).	  	   	  
	  	  
Figure	  5-­‐23:	  The	  first	  oxidation	  potentials	  of	  compounds	  131,	  132,	  133,	  134	  and	  135.	  	  Compounds	   151,	   152	   and	   153	   displayed	   first	   oxidation	   potentials	   of	   +1.42	   V,	  +1.39	   V	   and	   +1.14	   V,	   respectively	   (Figure	   5-­‐24).	   The	   difference	   between	  compounds	  151,	  152,	  153	   and	  oligomers	  112,	   114	   and	   111	   (Figure	  5-­‐6)	   is	   the	  presence	   of	   the	   nitro-­‐group	   on	   phenylene	   ring.	   Unsurprisingly,	   those	   systems	  incorporating	   the	   electron-­‐withdrawing	   nitro-­‐group	   displayed	   higher	   oxidation	  potentials.	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Figure	  5-­‐24:	  The	  first	  oxidation	  potentials	  of	  compounds	  151,	  152	  and	  153.	  	  Quaterpyrroles	  175	  and	  176	  (Figure	  5-­‐25)	  embodying	  a	  combination	  of	  α-­‐	  and	  β-­‐linked	  pyrrolic	  units	  displayed	  lower	  first	  oxidation	  potentials	  when	  compared	  to	  the	  analogous	  quaterpyrroles	  described	  in	  Chapters	  Three	  and	  Four.	  	  	   	  
	  	  
Figure	  5-­‐25:	  The	  first	  oxidation	  potentials	  of	  compounds	  175	  and	  176.	  	  
5.3.3 Summary	  	  In	   an	   overall	   sense,	   the	   higher-­‐order	   pyrrole	   oligomers	   were,	   unsurprisingly,	  easier	  to	  oxidise	  than	  their	  shorter	  chain	  counterparts.33	  The	  CV	  properties	  of	  1,4-­‐,	  1,3-­‐	   and	  1,2-­‐phenylene-­‐linked	  pyrroles	  were	  very	   similar	   to	   each	  other	   although	  the	   1,4-­‐phenylene-­‐linked	   sexipyrrole	   110	   had	   the	   lowest	   initial	   (first	   cycle)	  oxidation	  potential	  (+0.44	  V)	  out	  of	  all	  compounds	  examined.	  The	  presence	  of	  the	  electron-­‐withdrawing	   moieties	   on	   the	   phenylene	   linker	   resulted	   in	   higher	  oxidation	  potentials	  and	  the	  different	  combination	  of	  α-­‐	  and	  β-­‐linked	  systems	  also	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  resulted	  in	  different	  oxidation	  potential	  values.	  Specifically,	  throughout	  the	  studies	  described	   here,	   the	   β,α’,α’-­‐linked	   systems	   displayed	   the	   most	   reproducible	   CV	  properties	  and	  also	  had	   the	   lowest	   initial	  oxidation	  potentials	   amongst	  all	   of	   the	  quaterpyrroles	   prepared	   as	   described	   in	   Chapters	   Three	   and	   Four.	   Although	  sexipyrroles	  embodying	  β,α’,α’-­‐linkages	  have	  not	  yet	  been	  prepared,	  there	  is	  every	  expectation	   that	   higher	   oligomers	   of	   this	   type	   would	   display	   lower	   oxidation	  potentials.	  	  	  	  	  
5.4 Conductivity	  Measurements	  	  The	  measurement	  of	  the	  conductivities	  of	  the	  compounds	  prepared	  as	  described	  in	  Chapter	  Three	  was	  another	  important	  aspect	  of	  the	  present	  studies.	  In	  order	  to	  be	  able	   to	   calculate	   the	   conductivity	   of	   these	   compounds,	   the	   fabrication	   of	  appropriate	  films	  was	  required.	  Details	  of	  how	  this	  was	  done	  are	  provided	  in	  the	  following	  sections.	  	  
5.4.1 First-­‐generation	  Fabrication	  of	  Oligomeric	  Films	  and	  
Conductivity	  Measurements	  on	  Them	  (using	  a	  Four-­‐probe)	  	  Initial	  attempts	  to	  fabricate	  the	  required	  oligomeric	  films	  were	  conducted	  on	  glass	  slides	  (75	  ×	  10	  mm,	  see	  Figure	  5-­‐26).	  The	  edges	  of	   the	  glass	  slides	  were	  covered	  with	  clear	  adhesive	   tape	  so	  as	   to	  establish	  a	  defined	   loading	  zone	  of	  ca.	  75	  ×	  4-­‐6	  mm.	   Prior	   to	   compound	   loading,	   the	   slides	   were	   washed	   with	   ethanol	   then	  deionised	  water	   before	   being	   dried	   overnight	   at	   18	   °C.	   The	   concentration	   of	   the	  solutions	   of	   the	   loaded	   compounds	   was	   approximately	   6	   mM	   (in	  dichloromethane).	   Films	   were	   drop-­‐cast	   by	   evenly	   applying	   a	   90	   µL	   of	   each	  solution	  onto	  separate	  glass	  slides.	  The	  films	  were	  dried	  for	  24	  h	  at	  18	  °C	  and	  the	  masking	  tape	  was	  carefully	  removed	  and	  the	  film	  covered	  with	  aluminium	  foil	  then	  stored	  in	  a	  freezer	  prior	  to	  testing. 	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Figure	   5-­‐26:	   (a)	  The	  masking	   tape	  and	  glass	   slides	  used	   in	   the	  attempted	  preparation	  of	  
oligomeric	  films;	  (b)	  glass	  slides	  with	  adhesive	  tape	  in	  place;	  (c)	  films	  formed	  on	  glass	  slide	  
after	  drop-­‐casting	  and	  removal	  of	  tape	  (the	  white	  patches	  represent	  those	  regions	  where	  the	  
oligomers	  concentrated	  or	  pooled	  during	  the	  drying	  process).	  	  The	  conductivity	  measurements	  were	  performed	  at	  18	  °C	  using	  an	  in-­‐house	  built	  four-­‐probe	   conductivity	  device	  with	   the	   film	   contacting	   the	  bottom	  parts	   of	   four	  platinum	   “legs”	   of	   the	   probe.	   The	   thumbscrews	   (Figure	   5-­‐27)	   were	   firmly	  tightened	  so	  as	  to	  maximise	  contact	  between	  the	  “legs”	  of	  the	  device	  and	  the	  film.	  	  
	  
 
	  
Figure	  5-­‐27:	  Four-­‐probe	  conductivity	  measuring	  device.	  	  Measurements	  were	  taken	  before	  and	  after	  treating	  the	  films	  in	  a	  manner	  that	  was	  hoped	  would	  induce	  oxidative	  polymerisation.7	  So,	  the	  films	  were	  oxidised/treated	  by	  placing	  each	  in	  a	  solution	  of	  silver-­‐p-­‐toluenesulfonate	  in	  acetonitrile	  (0.1	  mM)	  for	   3	   h	   then	  washing	   them	  with	   acetonitrile	   (3	   ×	   3	  mL)	   followed	   by	   drying	   in	   a	  desiccator	  overnight.	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  Several	   significant	   problems	   were	   encountered	   during	   the	   course	   of	   these	  experiments.	  Firstly,	   the	  contact	  between	   the	   film	  (treated	  or	  untreated)	  and	   the	  four-­‐probe	  was	  very	  poor	  due	  to	  the	  rigid	  nature	  of	  the	  glass	  slides	  and	  the	  highly	  variable	   thickness	   of	   the	   films	   [as	   measured	   by	   using	   both	   an	   Atomic	   Force	  Microscopy	   (AFM)	  and	  a	  profilometer‡‡‡].	   Since	   conductivity	   is	  highly	  dependant	  on	   the	   thickness	   of	   the	   film	  being	  measured,	   achieving	   an	   even	   one	  was	   crucial.	  Accordingly,	   further	   investigations	   on	   identifying	   a	   more	   effective	   means	   of	  fabricating	   films	   of	   these	   oligomers	   were	   pursued.	   These	   are	   discussed	   in	   the	  following	  section.	  	  	  
5.4.2 Second-­‐generation	  Fabrication	  of	  Oligomeric	  Films	  and	  
Conductivity	  Measurements	  on	  Them	  (using	  a	  Four-­‐point	  Probe)	  	  Given	  the	  difficulties	  encountered	  as	  described	  immediately	  above,	  the	  seemingly	  more	   reliable	   spin-­‐coating	   system	   was	   pursued	   for	   the	   construction	   of	   the	  required	  films.	  Specifically,	  the	  oligomers	  were	  dissolved	  in	  dichloromethane	  and	  the	  resulting	  solutions	  then	  spin-­‐coated	  onto	  either	  a	  glass	  cover	  (20	  ×	  20	  mm),	  a	  platinum-­‐coated	  plate,	  a	  silica	  plate,	  a	  quartz	  plate	  or	  a	  silica-­‐coated	  silicon	  wafer	  so	   as	   to	   find	   the	   best	   substrate	   for	   the	   fabrication	   of	   the	   oligomeric	   films.	   A	  solution	  of	  the	  compound	  in	  dichloromethane	  did	  not	  spread	  out	  very	  well	  onto	  a	  glass	   cover,	   a	   platinum-­‐coated	   plate,	   a	   silica	   plate	   or	   a	   quartz	   plate	   but	   did	   so	  relatively	  well	  on	  a	  silica-­‐coated	  silicon	  wafer.	  As	  such	  the	  wafer	  was	  chosen	  as	  the	  preferred	  substrate.	   In	   terms	  of	   finding	   the	  best	   solvent,	  none	  of	   the	  compounds	  (but	  most	  notably	  the	  higher	  oligomers)	  dissolved	  in	  DMSO,	  methanol,	  acetonitrile	  or	   water	   but	   did	   so	   in	   dichloromethane,	   chloroform97-­‐100	   and	   benzene.	   Since	  chlorinated	  solvents	  can	  generate	  small	  amounts	  of	  acid	  that	  induce	  the	  oxidation	  of	  oligomers	   in	  a	  solution	   these	  might	  be	  considered	  suboptimal.	  However,	   since	  the	   oligomers	   only	   dissolved	   in	   dichloromethane,	   chloroform	   and	   benzene,	  chloroform	  was	  chosen	  because	  it	  has	  a	  higher	  boiling	  point	  than	  dichloromethane	  and	  is	  less	  toxic	  than	  benzene.	  To	  establish	  a	  smooth	  surface	  on	  the	  substrate,	  the	  silicon	  wafer	  was	  thoroughly	  washed	  prior	  to	  use,	  first	  with	  hot,	  deionised	  ionised	  water	  for	  5	  min	  and	  then	  with	  ethanol	  for	  5	  min.	  	  Each	  of	  these	  washing	  protocols	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ‡‡‡	  A	  profilometer	  (in	  this	  case	  Veeco	  Dektak	  150	  Profilometer)	  measures	  the	  thickness	  of	  film/surface	  using	  contact	  profilometry	  techniques.	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  was	  repeated	  twice.	  Finally,	  the	  silicon	  wafer	  was	  sonicated	  (twice)	  in	  acetone	  for	  5	   min	   and	   then	   dried. With	   the	   clean	   silica	   plates	   in	   hand,	   spin-­‐coating	   was	  attempted.	  Using	  10	  mg/mL	  or	  40	  mg/mL of	   the	  relevant	  compounds	  resulted	   in	  28-­‐29	  nm	  and	  70-­‐80	  nm	  thick	  films,	  respectively	  (as	  measured	  by	  AFM).	  Based	  on	  the	   work	   of	   Tykwinski	   et	   al.,98	   a	   spinning	   rate	   of	   1000	   revolutions	   per	   minute	  (r.p.m)	  was	  used	  but	  under	  such	  conditions	  many	  small	  pores	  were	  generated	  on	  the	   surface	   of	   the	   film.	   Further	   extensive	   investigations	   of	   different	   rotation	  speeds,	   times	   and	   concentrations	  were	   undertaken.	   However,	   since	   the	   films	   so	  formed	  continued	  to	  display	  uneven	  surfaces	  this	  approach	  was	  also	  abandoned. 
 
5.4.3 Third-­‐generation	  Fabrication	  of	  Oligomeric	  Films	  and	  
Conductivity	  Measurements	  on	  Them	  (using	  a	  Four-­‐point	  Probe)	  	  Given	   the	   difficulties	   encountered	   in	   the	   preceding	   efforts	   to	   form	   thin,	   evenly	  distributed	  films	  of	  the	  oligopyrroles,	  the	  drop-­‐casting	  method	  was	  revisited.	  Thus,	  10	  mg	  of	  each	  of	  compounds	  112,	  114,	  111,	  115,	  116,	  110,	  117,	  106,	  118,	  119,	  
120,	   121,	  123,	  124,	  125,	  126,	  127	   and	  128	  was	   dissolved	   in	   dichloromethane	  (0.4	  mL)	  and	  the	  solutions	  thus	  formed	  were	  then	  manually	  cast	  onto	  the	  surface	  of	   the	   silica-­‐coated	   (200	  nm)	   silicon	  wafer.	   The	   films	   so	   generated	  were	   slightly	  thicker	   at	   the	   edges	   and	   thinner	   at	   the	   centre	   (as	   determined	   by	   AFM	   scanning	  techniques).	  Nevertheless,	  by	  such	  means,	  films	  of	  compounds	  112,	  111,	  116,	  110	  and	   118	   with	   relatively	   smooth	   surfaces	   and	   appropriate	   thicknesses	   were	  obtained.	  To	  accurately	  determine	  the	  thickness	  of	  these	  films,	  five	  measurements	  were	  taken	  for	  the	  each	  of	  the	  five	  samples	  using	  a	  profilometer	  and	  the	  average	  and	   standard	   deviations	   calculated.	   Conductivity	   measurements	   performed	   on	  these	   films	   were	   undertaken	   using	   a	   Jandel-­‐RM3	   four-­‐point	   probe	   fitted	   with	  tungsten	   carbide	   tips	   arranged	   in	   a	   linear	   configuration	   at	   0.05	   mm	   intervals	  (Figure	   5-­‐28).	   The	   resistivity	   values	   were	   observed	   after	   exposing	   the	   films	   to	  iodine	  vapour	  in	  a	  chamber	  for	  16	  h.	  Under	  such	  conditions	  the	  colour	  of	  the	  film	  was	  observed	  to	  change	  from	  white	  to	  silver101,102	  and	  such	  changes	  suggested	  that	  oxidation	  of	  oligomeric	  films	  had	  taken	  place.	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Figure	   5-­‐28:	   (a)	   and	   (b)	   The	   Jandel-­‐RM3	   conductivity	   measuring	   device	   equipped	   with	  
tungsten	  carbide	  tips;	  (c)	  and	  (d)	  films	  used	  to	  measure	  conductivity	  (arrows	  point	  to	  regions	  
where	  measurements	  were	  taken).	  	  
	  	  The	  current	  was	  applied	  from	  1	  μA	  to	  60	  nA	  in	  both	  directions	  and	  the	  value	  of	  the	  resistivity	   measured	   via	   the	   Jandel-­‐RM3	   instrument	   was	   used	   to	   calculate	   the	  conductivity.	  Equation	  5.1	  was	  used	  for	  this	  purpose.	  	  	  Equation	  5.1	   𝐶   =    1𝑅!  ×  𝑇	  	  In	  Equation	  5.1,	  C	  is	  the	  conductivity	  of	  the	  film	  in	  Scm-­‐1,	  Rs	  is	  average	  value	  of	  the	  sheet	  resistance	  in	  Ω/☐	  (this	  value	  can	  be	  generated	  directly	  from	  the	  Jandel	  four-­‐point	  probe)	  and	  T	  is	  the	  average	  thickness	  of	  the	  film	  in	  cm.	  The	  thicknesses	  of	  the	  films	  proved	  to	  be	  between	  11-­‐80	  μm.	  	  The	  conductivities	  of	  compounds	  112,	  111,	  116,	  110	  and	  118,	  as	  determined	  by	  the	  abovementioned	  processes,	  are	  presented	  in	  Table	  5-­‐1.	  
 
 
 
 
 
 
 
 
 
 
(a)	   (b)	   (c)	   (d)	  
Tungsten	  carbide	  tips	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Table	  5-­‐1:	  Outcomes	  of	  the	  conductivity	  tests	  carried	  out	  on	  compounds	  112,	  111,	  
116,	  110	  and	  118.	  	  
Film	  
Thickness	  of	  
the	  film	  (μm)	  
Conductivity	  
(Scm-­‐1)	  
(112)	   46	   	  3.28	  ±	  0.10	  ×	  10-­‐5	  	  
(111)	   45	  
	  1.61	  ±	  0.15	  ×	  10-­‐4	  	  
(116)	  	   80	   8.94	  ±	  1.01	  ×	  10-­‐4	  
(110)	  	   59	  
	  2.25	  ±	  0.21	  ×	  10-­‐4	  	  
(118)	  	  
11	   1.10	  ±	  0.056	  ×	  10-­‐4	  
5%	  polpyrrole/poly(D,	  L-­‐lactic	  acid)29	   	   5.65	  ×	  10-­‐5	  
 By	  such	  means,	  the	  polymeric	  films	  derived	  from	  compounds	  112,	  111,	  116,	  110	  and	  118	  were	   revealed	   to	  have	   conductivity	  properties	   closer	   to	   those	   expected	  for	  a	  semiconductor	  (viz.	  from	  10-­‐10	  to	  10-­‐5	  Scm-­‐1).	  These	  disappointing	  results	  are	  attributed	   to	   the	   presence	   of	   the	   Boc-­‐protecting	   groups	   within	   the	   oligomeric	  backbone.	  While	   it	  was	   anticipated	   that	   compounds	   containing	   six	   pyrrole	   units	  might	   have	   the	   highest	   conductivity	   values,	   pentapyrrole	   116	   proved	   to	   be	   the	  most	  effective	  in	  this	  regard.	  Compared	  to	  the	  data	  obtained	  by	  Ma’s	  group	  (5.65	  ×	  10-­‐5)	   on	   their	   5%	   polpyrrole/poly(D,	   L-­‐lactic	   acid)-­‐derived	   materials,29	   the	  conductivity	   profiles	   of	   the	   polymers	   obtained	   from	   compounds	  112,	  111,	  116,	  
110	  and	  118	  were	  similar	  and	  some	  of	  them	  even	  slightly	  better.	  However,	  these	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110	  (preliminary)	  results	  should	  be	  treated	  with	  caution	  because	  of	  the	  variable	  nature	  of	  the	  films	  being	  formed.	  	  
 
5.5 Conclusions	  	  This	   Chapter	   has	   detailed	   the	   outcomes	   of	   certain	   physicochemical	   studies	   of	  chemically	  well-­‐defined	  oligopyrroles	  and	  their	  derived	  polymers	  using	  UV-­‐visible	  spectroscopic,	  cyclic	  voltametric	  and	   four-­‐point	  probe	  conductivity	  measurement	  techniques.	   These	   are	   the	   first	   such	   studies	   reported	   by	   any	   group.	   Generally	  within	   a	   series	   of	   α,α’-­‐linked	   oligomers,	   1,4-­‐phenylene-­‐linked	   pyrroles	   were	  oxidised	   at	   slightly	   lower	   potential	   than	   their	   1,3-­‐	   and	   1,2-­‐phenylene-­‐linked	  pyrroles,	   however	   the	   values	   were	   very	   similar.	   The	   higher	   oligomers	   with	   no	  functional	   group	   at	   the	   α-­‐positions	   of	   the	   capping	   pyrrole	   groups,	   such	   as	  compounds	  116	  and	  110,	  exhibited	   lower	  oxidation	  potentials,	  were	  more	  easily	  polymerised	  and	  the	  products	  of	  such	  processes	  were	  more	  conductive	  materials.	  	  Oligopyrroles	  carrying	  nitro	  groups	  on	  the	  phenylene	  ring	  appeared	  to	  have	  higher	  oxidation	  potentials	   and	   the	  β,α,α’-­‐linked	   systems	  175	   and	  176	   displayed	   lower	  first	  oxidation	  potentials	   relative	   to	   their	   congers	   embodying	   combinations	  of	  α-­‐	  and	  β-­‐linked	  quaterpyrroles.	  	  	  
5.6 Thesis	  Summary	  	  The	  work	  presented	   in	   this	  Thesis	  was	  directed	   towards	   the	   synthesis	  of	   a	  wide	  range	  of	  chemically	  well-­‐defined	  oligopyrroles	  for	  tissue	  engineering	  applications.	  It	  has	  not	  only	  provided	  a	  useful	  “groundwork”	  for	  the	  synthesis	  of	  certain	  types	  of	  chemically	  well-­‐defined	  oligopyrroles	  but	  it	  has	  also	  served	  to	  reinforce	  the	  utility	  of	  the	  Pd-­‐catalysed	  Suzuki-­‐Miyaura	  cross-­‐coupling	  reaction	  as	  an	  effective	  means	  for	   linking	   pyrrole-­‐based	   building	   blocks	   to	   one	   another	   and	   thus	   assembling	  oligopyrroles	   in	  a	  rational	  manner.	  Early	  work	  was	  focused	  on	  preparing	  the	  key	  synthons	   as	  well	   as	   finding	   appropriate	   cross-­‐coupling	   conditions.	   However,	   the	  bipyrroles	   so	   generated	   were	   extremely	   unstable	   and,	   therefore,	   impossible	   to	  elaborate	   to	  higher-­‐order	  oligopyrroles.	  Accordingly,	   the	   synthesis	  of	  phenylene-­‐
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111	  interrupted	   sexipyrroles	   was	   pursued.	   As	   a	   result	   of	   the	   author’s	   efforts	   even	  sexipyrroles	   are	   now	   available	   in	   just	   five	   steps	   from	   simple	   starting	  materials.	  While	   the	   global	   deprotection	   of	   each	   of	   the	   sexipyrroles	   110,	   121	   and	   128	  (Figure	  5-­‐29)	   failed	   they	  did,	   even	  with	   such	  groups	   remaining	  attached,	  display	  certain	  physicochemical	  properties	  that	  may	  useful	  in	  developing	  new	  conducting	  polymers.	  	  	   	  
	  
Figure	  5-­‐29:	  Structure	  of	  compounds	  110,	  121	  and	  128.	  	  Within	   the	   α,α’-­‐linked	   oligomeric	   series	   a	   range	   of	   different	   spacer	   units	   was	  employed	   and	   combinations	   of	   α-­‐	   and	   β-­‐linked	   quaterpyrroles	   such	   as	   those	  embodied	   within	   compounds	   175,	   176,	   177,	   180,	   182	   and	   185	   (Figure	   5-­‐30)	  were	  also	  successfully	  prepared	  in	  a	  similar	  manner.	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Figure	  5-­‐30:	  Structure	  of	  compounds	  175,	  176,	  177,	  180,	  182	  and	  185.	  
	  	  
5.7 Future	  Work	  	  	  While	   the	   synthesis	   of	   chemically	  well-­‐defined	   oligomers	   detailed	   in	   this	   Thesis	  should	  still	  be	  considered	  as	  being	  at	  an	  early	  stage,	  it	  now	  seems	  likely	  that	  such	  studies	  have	  the	  potential	  to	  deliver	  tuned	  and	  chemically	  well-­‐defined	  oligomeric	  systems	  capable	  of	  exploitation	  in	  tissue	  engineering	  applications.	  	  	  In	   terms	   of	   increasing	   the	   solubility	   of	   the	   polymers	   in	   non-­‐chlorinated	   and/or	  non-­‐aromatic	   solvents	   and	   so	   avoiding	   chloroform	   as	   the	   solvent	   needing	   to	   be	  used	  for	  the	  fabrication	  of	  oligomeric	  films,	  the	  installation	  of	  alkyl	  groups	  at	  the	  β-­‐and	  β’-­‐positions	  of	  the	  pyrrole	  residues	  could	  be	  employed.	  In	  2009,	  Perepichka	  et	  
al103	  reported	  that	  although	  the	  long	  alkyl-­‐chain	  substituents	  can	  act	  as	  insulating	  moieties,	  it	  is	  a	  tactic	  that	  is	  effective	  in	  increasing	  the	  solubility	  of	  the	  polymers.	  	  	  	  Due	  to	   the	   time	  constrains,	  β,	  β’-­‐linked	  oligomers	  or	  compounds	  with	  potentially	  more	  readily	  removed	  protecting	  groups	  were	  not	  studied.	  In	  the	  latter	  regard,	  the	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113	  tosyl-­‐protecting	   group	   could	   probably	   be	   used	   in	   place	   of	   the	   troublesome	   Boc-­‐protecting	  group	  since	  it	  still	  displays	  electron-­‐withdrawing	  properties	  but	  should	  be	   easily	   removed	   using	   acid	   or	   upon	   heating.104	  Moreover,	   the	   tosyl-­‐protecting	  group	  usually	  has	  a	  lower	  oxidation	  potential95	  than	  the	  corresponding	  Boc-­‐group.	  Accordingly,	   compounds	   incorporating	   such	   residues	   might	   possess	   more	  desirable	  electrochemical	  properties. 	  
 
 
	  	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	  	  	  	  	  
	  
	  	  
	  
6 CHAPTER	  SIX	  Experimental	  Procedures	  Associated	  with	  	  Work	  Reported	  in	  Chapters	  Two	  to	  Four	  
	  
6.1 General	  Experimental	  Procedures	  
	  Unless	   otherwise	   specified,	   proton	   (1H)	   and	   carbon	   (13C)	   NMR	   spectra	   were	  recorded	  at	  18	  °C	  in	  base-­‐filtered	  CDCl3 on	  a	  Varian	  spectrometer	  operating	  at	  400	  MHz	  for	  proton	  and	  100	  MHz	  for	  carbon	  nuclei.	  For	  1H	  NMR	  spectra,	  signals	  arising	  from	  the	  residual	  protio-­‐forms	  of	  the	  solvent	  were	  used	  as	  the	  internal	  standards.	  1H	   NMR	   data	   are	   recorded	   as	   follows:	   chemical	   shift	   (δ)	   [multiplicity,	   coupling	  constant(s)	  J	  (Hz),	  relative	  integral]	  where	  multiplicity	  is	  defined	  as:	  s	  =	  singlet;	  d	  =	  doublet;	   t	  =	   triplet;	  q	  =	  quartet;	  m	  =	  multiplet	  or	  combinations	  of	   the	  above.	  The	  signal	  due	  to	  residual	  CHCl3	  appearing	  at	  δH	  7.26	  and	  the	  central	  resonance	  of	  the	  CDCl3	   “triplet”	   appearing	   at	   δC	   77.16	   were	   used	   to	   reference	   1H	   and	   13C	   NMR	  spectra,	   respectively.	   Infrared	   spectra	   (νmax)	   were	   recorded	   on	   either	   a	   Perkin–Elmer	   1800	   Series	   FTIR	   or	   a	   SpectrumTwo	   IR-­‐ATR	   machine.	   Samples	   were	  analysed	  as	  thin	  films	  on	  KBr	  or	  NaCl	  plates	  or	  as	  neat	  liquid	  films.	  Low-­‐	  and	  high-­‐resolution	  electron	  impact	  (EI)	  mass	  spectra	  were	  obtained	  on	  a	  double	  focusing,	  triple-­‐sector	  machine.	   Low-­‐ and	   high-­‐resolution	   electrospray	   (ESI)	  mass	   spectra	  were	   obtained	   on	   a	   triple-­‐quadrupole	   MS	   instrument	   operating	   in	   positive	  ionisation	  mode.	  Melting	  points	  were	  measured	  on	  an	  Optimelt	  automated	  melting	  point	  system	  and	  are	  uncorrected.	  Analytical	  thin	  layer	  chromatography	  (TLC)	  was	  performed	  on	  aluminum-­‐backed	  0.2	  mm	  thick	  silica	  gel	  60	  F254	  plates	  as	  supplied	  by	   Merck.	   Eluted	   plates	   were	   visualised	   using	   a	   254	   nm	   UV	   lamp	   and/or	   by	  treatment	  with	  a	  suitable	  dip	  followed	  by	  heating.	  These	  dips	  included	  a	  mixture	  of	  vanillin	   :	  sulfuric	  acid	   :	  ethanol	  (	  1	  g	   :	  1	  g	   :	  18	  mL)	  or	  potassium	  permanganate	   :	  potassium	  carbonate	  :	  5%	  sodium	  hydroxide	  aqueous	  solution	  :	  water	  (3	  g	  :	  20	  g:	  5	  mL	   :	   300	   mL).	   Flash	   chromatographic	   separations	   were	   carried	   out	   following	  protocols	  defined	  by	  Still	  et	  al.105	  using	  silica	  gel	  60	  (40–63	  μm)	  as	  the	  stationary	  phase	   and	   the	   AR-­‐	   or	   HPLC-­‐grade	   solvents	   indicated.	   Starting	   materials	   and	  reagents	   were	   generally	   available	   from	   the	   Fluka-­‐Sigma-­‐Aldrich,	   Sigma-­‐Aldrich,	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  Merck,	  Boron	  Molecular,	  Advanced	  Molecular	  Technologies	  Pty	  Ltd,	  TCI,	  Strem	  or	  Lancaster	   Chemical	   Companies	   and	   were	   used	   as	   supplied.	   Drying	   agents	   and	  other	   inorganic	   salts	   were	   purchased	   from	   the	   AJAX,	   BDH	   or	   Unilab	   Chemical	  Companies.	   Reactions	   employing	   air-­‐	   and/or	   moisture-­‐sensitive	   reagents	   and	  intermediates	   were	   carried	   out	   under	   an	   atmosphere	   of	   dry,	   oxygen-­‐free	   N2.	  Tetrahydrofuran,	   methanol,	   dichloromethane,	   ethyl	   acetate,	   hexane	   and	  acetonitrile	  were	   dried	   using	   a	  Glass	   Contour	   solvent	   purification	   system	   that	   is	  based	  upon	  a	  technology	  originally	  described	  by	  Grubbs	  et	  al.106	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6.2 Experimental	  Procedures	  Associated	  with	  Work	  Reported	  in	  
Chapter	  Two	  
	  
tert-­‐Butyl	  2,5-­‐Dibromo-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [25]	  	  
	  	  Following	   a	   procedure	   established	   by	   Fürstner	   et	   al.,62 a	   magnetically	   stirred	  solution	   of	   compound	  87	   (10.0	   g,	   59.8	  mmol)	   in	   dry	   THF	   (200	  mL)	  maintained	  under	  N2	   at	   −78	   °C	  was	   treated,	   in	   small	   portions,	  with	  NBS	  (23.3	   g,	   132	  mmol)	  over	  0.5	  h.	  The	   ensuing	  mixture	  was	   stirred	   for	   another	  2	  h	   at	   this	   temperature	  then	  warmed	   to	   18	   °C	   over	   4	   h.	   The	   resulting	   solution	  was	   concentrated	   under	  reduced	   pressure	   and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	  chromatography	   (silica,	   hexane	   elution).	   Concentration	   of	   the	   appropriate	  fractions	   (Rf	  =	   0.2)	   afforded	   the	   title	   compound	   2561	   (16.1	   g,	   83%)	   as	   a	   white,	  crystalline	  solid. 	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  6.25	  (s,	  2H),	  1.62	  (s,	  9H).	  	  	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.61	  	  	  
tert-­‐Butyl	  2-­‐Bromo-­‐5-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [88]	  	  
	  	  Following	   a	   procedure	   established	   by	   Weinreb	   et	   al.,63	   a	   magnetically	   stirred	  solution	   of	   dibromopyrrole	   25	   (4.47	   g,	   13.8	   mmol)	   in	   anhydrous	   Et2O	   (70	  mL)	  maintained	  under	  N2	  at	  −78	  °C	  was	  treated,	  dropwise,	  with	  n-­‐BuLi	  (8.6	  mL	  of	  a	  1.6	  
N
Boc
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  M	  solution	   in	  hexane,	  13.8	  mmol)	  over	  0.17	  h.	  The	  resulting	  mixture	  was	  stirred	  for	  0.5	  h	  at	  −78	  °C	  before	  being	  treated,	  dropwise	  over	  0.5	  h,	  with	  TMSCl	  (5.2	  mL,	  4.48	  mmol).	  The	  resulting	  solution	  was	  stirred	  at	  −78	  °C	  for	  0.5	  h,	  then	  warmed	  to	  18	   °C	   over	   5	   h.	   The	   ensuing	  mixture	  was	   quenched	  with	   hexane	   (100	  mL)	   then	  filtered	   through	   a	   sintered	   glass	   funnel	   and	   the	   filtrate	   concentrated	   under	  reduced	   pressure.	   The	   residue	   thus	   obtained	   was	   subjected	   to	   flash	   column	  chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution)	   and	  concentration	  of	   the	  appropriate	   fractions	   (Rf	  =	  0.4)	  afforded	   the	   title	  compound	  
8863 (4.00	  g,	  92%)	  as	  a	  clear,	  yellow	  oil.	  	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  6.39	  (d,	  J	  =	  3.6	  Hz,	  1H),	  6.30	  (d,	  J	  =	  3.6	  Hz,	  1H),	  1.63	  (s,	  9H),	  0.25	  (s,	  9H).	  	  	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.63	  	  	  
tert-­‐Butyl	   2-­‐(4,4,5,5-­‐Tetramethyl-­‐1,3,2-­‐dioxaborolan-­‐2-­‐yl)-­‐5-­‐(trimethylsilyl)	  
-­‐1H	  pyrrole-­‐1-­‐carboxylate	  [75]	  
	  
	  	  	  Following	   a	   procedure	   established	   by	   Pinkerton	   et	   al.,59	   a	   magnetically	   stirred	  solution	  of	  compound	  88	  (4.00	  g,	  12.6	  mmol)	  and	  Et3N	  (5.6	  mL,	  40.0	  mmol)	  in	  1,4-­‐dioxane	   (60	   mL)	   maintained	   under	   N2	   at	   18	   °C	   was	   treated	   with	  Pd(dppf)Cl2!CH2Cl2	  (308	  mg,	  0.38	  mmol).	  Pinacolborane	  (2.8	  mL,	  38.0	  mmol)	  was	  added	  to	   the	  reaction	  mixture	  and	  that	  was	   then	  stirred	  at	  80	  °C	   for	  24	  h	  before	  being	  cooled	  and	  diluted	  with	  hexane	  (200	  mL).	  The	  resulting	  solution	  was	  washed	  with	   H2O	   (3	   ×	   200	  mL)	   then	   (MgSO4),	   filtered	   and	   concentrated	   under	   reduced	  pressure	  to	  afford	  the	  title	  pyrrole	  7559	  (3.67	  g,	  80%)	  as	  tan	  crystals.	  	  
88
Et3N, pinacolborane, 
Pd(dppf)Cl2•CH2Cl2,
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1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  6.72	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.44	  (d,	  J	  =	  3.3	  Hz,	  1H),	  1.62	  (s,	  9H),	  1.32	  (s,	  12H),	  0.26	  (s,	  9H).	  	  
 These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.59	  
	  
	  
4-­‐Iodo-­‐1H-­‐pyrrole-­‐2-­‐carbaldehyde	  [90]	  	  
	  	  The	   title	   compound	   was	   prepared	   from	   pyrrole-­‐2-­‐carboxaldehyde	   (89)	   using	  procedures	   defined	   by	   Sessler	   et	   al.107	   Thus,	   a	   magnetically	   stirred	   solution	   of	  NaHCO3	  (2.40	  g,	  28.6	  mmol)	   in	  H2O	  (9.2	  mL)	  maintained	  under	  N2	  was	  heated	  to	  50	   °C	   then	   treated	  with	   1,2-­‐dichloroethane	   (107	  mL)	   and	   aldehyde	  89	   (800	  mg	  8.40	  mmol).	  A	  solution	  of	  I2	  (2.40	  g,	  9.50	  mmol)	  and	  NaI	  (3.00	  g,	  19.9	  mmol)	  in	  H2O	  (9.2	  mL)	  was	  added,	  in	  portions,	  over	  0.5	  h	  to	  the	  reaction	  mixture	  that	  was	  then	  heated	  at	  50	  °C	  for	  1	  h.	  After	  this	  time	  further	  aliquots	  of	  I2	  (2.40	  g,	  9.50	  mmol)	  and	  NaI	  (3.00	  g,	  19.9	  mmol)	  in	  H2O	  (9.2	  mL)	  were	  added.	  Heating	  was	  continued	  for	  a	  further	  1	  h	  then	  the	  reaction	  mixture	  was	  cooled	  to	  18	  °C	  and	  treated	  with	  Na2S2O3	  (2.90	  g)	  before	  being	  extracted	  with	  dichloromethane	  (3	  ×	  40	  mL).	  The	  combined	  organic	   layers	   were	   washed	   with	   Na2S2O3	   (1	   ×	   120	   mL	   of	   a	   5%	   w/v	   aqueous	  solution),	  NaHCO3	  (1	  ×	  120	  mL	  of	  a	  5%	  w/v	  aqueous	  solution)	  and	  brine	  (1	  ×	  120	  mL)	   then	   dried	   (Na2SO4)	   before	   being	   filtered	   and	   concentrated	   under	   reduced	  pressure	   to	   afford	   a	   red	   oil.	   Subjection	   of	   this	  material	   to	   flash	   chromatography	  (silica,	  hexane	  elution)	  and	  concentration	  of	  appropriate	  fractions	  (Rf	  =	  0.2	  in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	   the	   title	   iodide	  9065	   (1.36	  g,	  73%)	  as	  a	   clear,	  red	  oil.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  10.22	  (br	  s,	  1H),	  9.47	  (s,	  1H),	  7.19	  (d,	  J	  =	  2.2	  Hz,	  1H),	  7.08	  (d,	  J	  =	  2.2	  Hz,	  1H). 
NaHCO3, H2O, 
NaI, I2, DCE,
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13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  178.1	  (C),	  134.3	  (C),	  131.2	  (CH),	  127.6	  (CH),	  62.8	  (C).	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.65	  	  	  
tert-­‐Butyl	  2-­‐Formyl-­‐4-­‐iodo-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [83]	  
	  
	  	  The	  title	  compound	  was	  prepared	  from	  precursor	  90	  using	  procedures	  defined	  by	  Waser	  et	  al.66	  Thus,	  a	  magnetically	  stirred	  solution	  of	  iodopyrrole	  90	  (1.30	  g,	  5.88	  mmol)	  in	  THF	  (34	  mL)	  maintained	  under	  N2	  was	  treated	  with	  NaH	  (0.17	  g of 60%	  dispersion	  in	  mineral	  oil,	  706	  mmol)	  in	  THF	  (3	  mL).	  After	  1	  h,	  Boc	  anhydride	  (1.54	  g,	  7.06	  mmol)	  was	  added	  to	  the	  reaction	  mixture	  and	  the	  resulting	  solution	  stirred	  at	  18	   °C	   for	  24	  h	  before	  being	  quenched	  with	  NH4Cl	   (7	  mL	  of	   saturated	  aqueous	  solution)	  then	  diluted	  with	  H2O	  (15	  mL)	  and	  extracted	  with	  Et2O	  (3	  ×	  70	  mL).	  The	  combined	  organic	  layers	  were	  washed	  with	  brine	  (1	  ×	  60	  mL)	  then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (silica,	   95:5	   v/v	  hexane/ethyl	  acetate	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.3	  in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  83	   (1.59	  g,	  84%)	  as	  light-­‐yellow	  crystals,	  m.p.	  =	  100-­‐103	  °C.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  10.23	  (s,	  1H),	  7.47	  (d,	  J	  =	  1.6	  Hz,	  1H),	  7.20	  (d,	  J	  =	  1.6	  Hz,	  1H),	  1.63	  (s,	  9H).	  
	  13C	   NMR	   (CDCl3,	   100	  MHz)	   δ	   181.4	   (C),	   147.2	   (C),	   135.9	   (C),	   131.3	   (CH),	   127.1	  (CH),	  86.8	  (C),	  65.9	  (C),	  28.0	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  3471,	  2895,	  1748,	  1661,	  1298,	  1155	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  321	  (M+!,	  60%),	  266	  (97),	  248	  (71),	  220	  (100),	  192	  (51),	  164	  (63).	  
HREIMS	  Found: M+!, 320.9865.	  C10H12127INO3	  requires	  M+!,	  320.9862.	  
90
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Elemental	   Analysis	   Found:	   C,	   37.78;	   H,	   3.83;	   N,	   4.35.	   C10H12127INO3	  requires	   C,	  37.40;	  H,	  3.77;	  N,	  4.36%	  
	  
	  
Di-­‐tert-­‐butyl	  5-­‐Formyl-­‐5'-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2,3'-­‐bipyrrole]-­‐1,1'-­‐
dicarboxylate	  [91]	  
	  
	  	  A	   magnetically	   stirred	   solution	   of	   iodide	   83	   (868	   mg	   2.70	   mmol)	   in	   1,4-­‐dioxane:H2O	   (12	   mL	   of	   a	   3:1	   v/v	   mixture)	   maintained	   at	   18	   °C	   was	   treated	  sequentially	  with	  boronic	  acid	  ester	  75	  (2.47	  g,	  6.75	  mmol),	  Na2CO3	  (860	  mg,	  8.11	  mmol)	   and	  Pd(dppf)Cl2!CH2Cl2	   (110	  mg,	   0.14	  mmol).	   The	   resulting	   solution	  was	  stirred	  at	  40	   °C	   for	  48	  h	   then	  cooled,	  quenched	  with	  H2O	   (30	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  30	  mL).	  The	  combined	  organic	  phases	  were	  dried	  (MgSO4),	  filtered	  and	  concentrated	  under	   reduced	  pressure	  and	   the	   residue	   thus	  obtained	  subjected	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	  hexane,	  hexane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.4	  in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  91	  (1.43	  g,	  77%)	  as	  a	  clear,	  yellow	  oil.	  	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  10.36	  (s,	  1H),	  7.40	  (d,	  J	  =	  1.5	  Hz,	  1H),	  7.20	  (d,	  J	  =	  1.5	  Hz,	  1H),	  6.45	  (d,	  J	  =	  3.2	  Hz,	  1H),	  6.23	  (d,	  J	  =	  3.2	  Hz,	  1H),	  1.65	  (s,	  9H),	  1.40	  (s,	  9H),	  0.28	  (s,	  9H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  182.4	  (C),	  150.6	  (C),	  148.5	  (C),	  138.4	  (C),	  133.9	  (C),	  130.1	  (C),	  125.3	  (CH),	  122.7	  (CH),	  122.4	  (CH),	  120.9	  (C),	  115.4	  (CH),	  86.1	  (C),	  84.3	  (C),	  28.1	  (3	  ×	  CH3),	  27.8	  (3	  ×	  CH3),	  0.1	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1737,	  1669,	  1331,	  1292,	  1158,	  846	  cm-­‐1.	  
Mass	   spectrum	  (EI,	  70eV)	  m/z	  432	  (M+!,	  7%),	  376	  (9),	  276	  (100),	  261	  (36),	  232	  (57),	  217	  (72),	  189	  (60),	  57	  (65).	  
HREIMS	  Found: M+!,	  432.2080.	  C22H32N2O5Si	  requires	  M+!,	  432.2081.	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Di-­‐tert-­‐butyl	  5-­‐Bromo-­‐5'-­‐formyl-­‐1H,1'H-­‐[2,3'-­‐bipyrrole]-­‐1,1'-­‐dicarboxylate	  
[93]	  
 
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (122	  mg,	  0.38	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  aldehyde	  91	  (137	  mg,	  0.32	  mmol)	   in	  THF	  (5	  mL)	  maintained	  at	  −78	  °C	  under	  N2.	  After	  1	  h	  the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  a	  further	  1	  h	  before	  being	  quenched	  with	  H2O	  (3	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  20	  mL).	  The	  combined	  organic	  phases	  were	  diluted	  with	  ethanol	  (20	  mL)	  then	  dried	  (MgSO4)	   and	   filtered.	   The	   filtrate	  was	   concentrated	   under	   reduced	  pressure	   and	  the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (silica,	   9:1	  v/v	  hexane/ethyl	  acetate	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.3	  in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  aldehyde	  93	  (79	  mg,	  57%)	  as	  a	  clear,	  yellow	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  10.44	  (s,	  1H),	  7.37	  (d,	  J	  =	  1.6	  Hz,	  1H),	  7.24	  (d,	  J	  =	  1.6	  Hz,	  1H),	  6.14	  (d,	  J	  =	  3.6	  Hz,	  1H),	  5.92	  (d,	  J	  =	  3.6	  Hz,	  1H),	  1.26	  (s,	  9H),	  1.20	  (s,	  9H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  181.3	  (CH),	  148.7	  (C),	  148.4	  (C),	  134.7	  (C),	  129.1	  (C),	  124.4	  (CH),	  121.3	  (CH),	  119.6	  (C),	  115.6	  (CH),	  113.1	  (CH),	  102.0	  (C),	  85.3	  (C),	  85.2	  (C),	  27.5	  (3	  ×	  CH3),	  27.4	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  3136,	  2981,	  1752,	  1669,	  1305,	  1157,	  1107,	  844	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  440	  and	  438	  (M+!,	  28	  and	  27%,	  respectively),	  360	  (92),	  318	  (100).	  
HREIMS	  Found:	  M+!,	  438.0786.	  C19H2379BrN2O5	  requires	  M+!,	  438.0790.	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Di-­‐tert-­‐butyl	  5,5'-­‐bis(Trimethylsilyl)-­‐1H,1'H-­‐[2,2'-­‐bipyrrole]-­‐1,1'-­‐
dicarboxylate	  	  [94]	  	  
	  	  A	   magnetically	   stirred	   solution	   of	   bromide	   88	   (300	   mg	   0.94	   mmol)	   in	   1,4-­‐dioxane:H2O	  (6	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  ester	  75	  (861	  mg,	  2.36	  mmol),	  K2CO3	  (391	  mg,	  2.83	  mmol)	   and	   Pd(dppf)Cl2!CH2Cl2	   (38	   mg,	   0.05	   mmol).	   The	   resulting	   mixture	   was	  stirred	   at	   40	   °C	   for	   6.5	   h	   then	   cooled	   and	   quenched	   with	   H2O	   (20	   mL)	   and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  20	  mL).	  The	  combined	  organic	  phases	  were	  dried	  (MgSO4),	   filtered	  and	  concentrated	  under	   reduced	  pressure	  and	   the	   residue	   thus	  obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	  Et3N	   in	  hexane,	  hexane	  elution).	  Concentration	  of	   the	   appropriate	   fractions	   (Rf	  =	  0.4)	  afforded	  the	  title	  compound	  94	  (423	  mg,	  94%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  140-­‐144	  °C.	  	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  6.42	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.17	  (d,	  J	  =	  3.2	  Hz,	  2H),	  1.26	  (s,	  18H),	  0.28	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  75	  MHz)	  δ	  150.6	  (2	  ×	  C),	  136.6	  (2	  ×	  C),	  130.8	  (2	  ×	  C),	  122.1	  (2	  ×	  CH),	  115.7	  (2	  ×	  CH),	  82.9	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  0.1	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  1733,	  1338,	  842	  cm-­‐1.	  
Mass	   spectrum	   (EI,	  70eV)	  m/z	   475	   [(M − H!)+,	   56%],	  419	   (26),	  364	   (100),	  305	  (68),	  260	  (53),	  73	  (86),	  57	  (69).	  
HREIMS	  Found:	  (M − H!)+,	  475.2452.	  C24H39N2O4Si2	  requires	  (M − H!)+,	  475.2448.	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Di-­‐tert-­‐butyl	  5,5'-­‐Dibromo-­‐1H,1'H-­‐[2,2'-­‐bipyrrole]-­‐1,1'-­‐dicarboxylate	  [95]	  	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (24	  mg,	  0.07	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  94	  (16	  mg,	  0.03	  mmol)	  in	  THF	  (1	  mL)	  maintained	  under	  N2	  at	  −78	  °C.	  After	  1.5	  h	  the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  a	  further	  0.5	  h	  before	  being	  quenched	  with	  H2O	  (2	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  5	  mL).	  The	   combined	  organic	  phases	  were	  diluted	  with	   ethanol	   (5	  mL)	   then	  dried	  (MgSO4)	   and	   filtered.	   The	   filtrate	  was	   concentrated	   under	   reduced	  pressure	   and	  the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	  appropriate	  fractions	  (Rf	  =	  0.2)	  afforded	  the	  title	  compound	  95108	  (4	  mg,	  26%)	  as	  a	  clear,	  red	  oil.	  	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  6.31	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.13	  (d,	  J	  =	  3.6	  Hz,	  2H),	  1.36	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  148.2	  (2	  ×	  C),	  128.3	  (2	  ×	  C),	  115.9	  (2	  ×	  CH),	  115.3	  (2	  ×	  CH),	  102.7	  (2	  ×	  C),	  85.1	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1752,	  1312,	  1153	  cm-­‐1.	  
Mass	   spectrum	   (EI,	   70eV)	   m/z	   492,	   490	   and	   488	   (M+!,	   52,	   100	   and	   52%,	  respectively).	  
HREIMS	  Found:	  M+!,	  487.9950.	  C18H2279Br2N2O4	  requires	  M+!,	  487.9946.	  
	  These	  data	  matched	  those	  reported	  in	  the	  literature.108	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4-­‐Bromo-­‐1-­‐methyl-­‐1H-­‐pyrrole-­‐2-­‐carbaldehyde	  [98]	  	  
	  	  Step	   (i):	   The	   title	   compound	  was	   prepared	   from	   pyrrole-­‐2-­‐carboxaldehyde	   (89)	  using	   procedures	   defined	   by	   both	   Lindsey	   et	   al.	   and	   Handy	   et	   al.70,71	   Thus,	   a	  magnetically	  stirred	  solution	  of	  compound	  89	  (500	  mg,	  5.26	  mmol)	  in	  THF	  (20	  mL)	  maintained	   under	   N2	  was	   cooled	   to	   −78	   °C	   then	  NBS	   (936	  mg,	   5.26	  mmol)	  was	  added	  in	  small	  portions.	  The	  resulting	  mixture	  was	  stirred	  at	  −78	  °C	  for	  1	  h	  then	  warmed	  to	  0	  °C	  before	  being	  diluted	  with	  hexane	  (20	  mL)	  and	  H2O	  (20	  mL).	  The	  ensuing	  mixture	  was	  warmed	  to	  18	  °C	  then	  extracted	  with	  hexane	  (3	  ×	  20	  mL)	  and	  the	   combined	   organic	   phases	   dried	   (Na2SO4)	   then	   filtered.	   The	   filtrate	   was	  concentrated	  under	  reduced	  pressure	   to	  afford	   the	   title	   compound	  9670	   as	  a	  off-­‐white	   crystals.	   This	   material	   was	   used	   directly	   in	   the	   next	   step	   of	   the	   reaction	  sequence.	  	  Step(ii):	  A	  solution	  of	  compound	  96,	  obtained	  as	  described	  immediately	  above,	  in	  DMF	   (18	   mL)	   was	   treated	   with	   methyl	   chloroformate	   (2.1	   mL,	   26.4	   mmol),	  anhydrous	  K2CO3	  (3.66	  g,	  26.4	  mmol)	  and	  TBAI	  (1.95	  g,	  5.28	  mmol).	  The	  resulting	  mixture	   was	   stirred	   at	   18	   °C	   for	   16.5	   h	   then	   quenched	   with	   H2O	   (20	   mL)	   and	  extracted	  with	  Et2O	  (3	  ×	  40	  mL).	  The	  combined	  organic	  phases	  were	  dried	  (MgSO4)	  then	  filtered	  and	  concentrated	  under	  reduced	  pressure	  to	  afford	  a	  light-­‐yellow	  oil	  that	  was	  subjected	  to	  flash	  chromatography	  (silica,	  98:2	  v/v	  hexane/ethyl	  acetate	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   5:1	   v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  9872	  (340	  mg,	  46%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  47-­‐48	  °C	  (lit.72	  m.p.	  	  =	  50-­‐51	  °C).	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  9.49	  (d,	  J	  =	  1.2	  Hz,	  1H),	  6.88	  (d,	  J	  =	  1.2	  Hz,	  1H),	  6.86	  (s,	  1H),	  3.93	  (s,	  3H).	   
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  179.2	  (C),	  132.2	  (C),	  131.4	  (CH),	  124.7	  (CH),	  96.6	  (C),	  36.8	  (CH3).	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IR	  νmax	  (NaCl)	  3436,	  1664,	  1390,	  777	  cm-­‐1.	  
Mass	   spectrum	   (EI,	  70eV)	  m/z	  189	  and	  187	  (M+!,	  100	  and	  100%),	  188	  and	  186	  [(M	  –	  H!)+,	  100	  and	  100%].	  
HREIMS	  Found:	  M+!,	  188.9611.	  C6H681BrNO	  requires	  M+!,	  188.9612.	  	  These	  data	  matched	  those	  reported	  in	  the	  literature.72	  
	  
	  
tert-­‐Butyl	  5'-­‐Formyl-­‐1'-­‐methyl-­‐5-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2,3'-­‐bipyrrole]-­‐1-­‐
carboxylate	  [99]	  
	  
	  	  Pyrrole	  98	   (600	  mg,	  3.19	  mmol),	   1,4-­‐dioxane:H2O	   (12	  mL	  of	   a	  3:1	   v/v	  mixture),	  K2CO3	  (1.34	  g,	  9.68	  mmol)	  and	  boronic	  ester	  75	  (2.95	  g,	  8.07	  mmol)	  were	  placed	  in	  a	   thick-­‐walled	  Ace	  glass	  tube	  (Product	  Number	   :	  5704-­‐10).	  The	  tube	  was	  flushed	  with	  N2	   then	  Pd(dppf)Cl2!CH2Cl2	   (130	  mg,	  1.61	  mmol)	  was	  added.	  The	   resulting	  solution	   was	   again	   flushed	   with	   N2	   and	   the	   reaction	   vessel	   then	   sealed	   before	  being	  subjected	  to	  microwave	  irradiation	  (200	  W,	  50	  °C,	  2	  min	  ramp	  time)	  for	  1	  h.	  Additional	  aliquots	  of	  boronic	  acid	  ester	  75	   (1.40	  g,	  3.83	  mmol),	  K2CO3	  (700	  mg,	  4.85	   mmol)	   were	   added	   to	   the	   cooled	   reaction	   mixture	   that	   was	   subjected	   to	  microwave	   irradiation	   (200	  W,	   50	   °C,	   2	   min	   ramp	   time)	   for	   a	   further	   3	   h.	   The	  cooled	  mixture	   thus	   obtained	  was	   diluted	  with	  H2O	   (30	  mL)	   and	   extracted	  with	  ethyl	   acetate	   (3	   ×	   40	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (Na2SO4),	  filtered	   and	   concentrated	   under	   reduced	   pressure.	   Subjection	   of	   the	   resulting	  brown	   oil	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	  hexane,	  hexane	  elution)	  and	  concentration	  of	  the	  appropriate	  fractions	  (Rf	  	  =	  0.4	  in	  5:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  99	  (686	  mg,	  62%)	  as	  a	  light-­‐yellow	  crystal,	  m.p.	  =	  102-­‐105	  °C.	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Pd(dppf)Cl2•CH2Cl2, K2CO3, 
1,4-dioxane:H2O (3:1 v/v),
 50 °C, 4 h
62%
TMSN
BocO
O
B
O
H
N
+
75
O
H
TMS
N
BocNBr
99
	   	   Chapter	  Six	  	  
	   	  
127	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  9.55	  (s,	  1H),	  6.86	  (s,	  2H),	  6.45	  (d,	  J	  =	  3.0	  Hz,	  1H),	  6.16	  (d,	  J	  =	  3.0	  Hz,	  1H),	  3.98	  (s,	  3H),	  1.35	  (s,	  9H),	  0.29	  (s,	  9H).	  
13C	   NMR	   (CDCl3,	  100	  MHz)	  δ	  179.7	   (CH),	  150.9	   (C),	  137.4	   (C),	  131.6	   (CH),	  131.4	  (C),	  131.2	  (C),	  124.9	  (CH),	  122.3	  (CH),	  118.9	  (C),	  114.8	  (CH),	  83.6	  (C),	  36.6	  (CH3),	  27.7	  (3	  ×	  CH3),	  0.1	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2954,	  1734,	  1666,	  1333,	  845	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  346	  (M+!,	  32%),	  290	  (100),	  275	  (38),	  246	  (58),	  231	  (69),	  203	  (72),	  57	  (80).	  
HREIMS	  Found:	  M+!,	  346.1716.	  C18H26N2O3Si	  requires	  M+!,	  346.1713.	  	  
	  
	  
tert-­‐Butyl	  5-­‐Bromo-­‐5'-­‐formyl-­‐1'-­‐methyl-­‐1H,1'H-­‐[2,3'-­‐bipyrrole]-­‐1-­‐
carboxylate	  [100]	   	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (200	  mg,	  0.58	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  aldehyde	  99	  (203	  mg,	  0.64	  mmol)	  in	  THF	  (10	  mL)	  maintained	  under	  N2	  at	  −78	  °C.	  After	  0.5	  h	  the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  a	  further	  2	  h	  before	  being	  quenched	  with	  H2O	  (15	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  30	   mL).	   The	   combined	   organic	   phases	   were	   diluted	   with	   ethanol	   (15	   mL)	   then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   9:1	   v/v	   hexane/ethyl	   acetate	   elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.3	  in	  5:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  aldehyde	  100	  (115	  mg,	  56%)	  as	  a	  light-­‐yellow	  oil.	  	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  9.58	  (d,	  J	  =	  0.9	  Hz,	  1H),	  7.29	  (d,	  J	  =	  3.6	  Hz,	  1H),	  7.01	  (s,	  1H),	  6.97	  (d,	  J	  =	  1.8	  Hz,	  1H),	  6.27	  (d,	  J	  =	  3.6	  Hz,	  1H),	  3.99	  (s,	  3H),	  1.46	  (s,	  9H).	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13C	   NMR	   (CDCl3,	  100	  MHz)	  δ	  179.8	   (CH),	  148.3	   (C),	  133.0	   (CH),	  131.3	   (C),	  125.8	  (CH),	  125.4	  (C),	  121.9	  (CH),	  114.6	  (C),	  113.7	  (CH),	  103.6	  (C),	  84.4	  (C),	  36.7	  (CH3),	  27.6	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2978,	  1740,	  1663,	  1315,	  1135,	  779	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  354	  and	  352	  	  (M+!,	  19	  and	  20%,	  respectively),	  298	  and	  296	  (64	  and	  63),	  252	  and	  250	  (71	  and	  72).	  
HREIMS	  Found:	  M+!,	  352.0492.	  C15H1779BrN2O3	  requires	  M+!,	  352.0423.	  	  
	  
	  
Di-­‐tert-­‐butyl	  5''-­‐Formyl-­‐1''-­‐methyl-­‐5-­‐(trimethylsilyl)-­‐1H,1'H,1''H-­‐[2,2':5',3''-­‐
ter	  pyrrole]-­‐1,1'-­‐dicarboxylate	  [101]	   	  
	  	  A	   magnetically	   stirred	   solution	   of	   bromide	   100	   (102	   mg	   0.29	   mmol)	   in	   1,4-­‐dioxane:H2O	  (4	  mL	  of	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  ester	  75	  (263	  mg,	  0.72	  mmol),	  K2CO3	  (119	  mg,	  0.86	  mmol)	   and	   Pd(dppf)Cl2!CH2Cl2	   (12	   mg,	   0.02	   mmol).	   The	   resulting	   mixture	   was	  stirred	  at	  50	  °C	  for	  1	  h.	  Additional	  aliquots	  of	  boronic	  acid	  ester	  75	  (131	  mg,	  0.36	  mmol)	   and	   K2CO3	   (58	   mg,	   0.43	   mmol)	   were	   added	   and	   reaction	   mixture	   was	  stirred	  at	  50	  °C	  for	  a	  further	  4	  h.	  The	  reaction	  mixture	  was	  cooled,	  diluted	  with	  H2O	  (10	   mL)	   and	   extracted	   with	   ethyl	   acetate	   (3	   ×	   10	   mL).	   The	   combined	   organic	  phases	  were	  dried	  (MgSO4),	  filtered	  and	  concentrated	  under	  reduced	  pressure	  and	  the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	  appropriate	   fractions	  (Rf	  =	  0.5	   in	  5:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	   title	  
pyrrole	  101	  (93	  mg,	  63%)	  as	  a	  clear,	  yellow	  oil.	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1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  9.46	  (d,	  J	  =	  1.3	  Hz,	  1H),	  7.29	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.74	  (d,	  
J	  =	  1.3	  Hz,	  1H),	  6.65	  (s,	  1H),	  6.39	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.20	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.03	  (d,	  J	  
=	  3.3	  Hz,	  1H),	  3.86	  (s,	  3H),	  1.55	  (s,	  9H),	  1.30	  (s,	  9H),	  0.26	  (s,	  9H).	  
13C	   NMR	   (CDCl3,	   100	  MHz)	   δ	   179.7	   (CH),	   150.6	   (C),	   149.4	   (C),	   136.6	   (C),	   132.3	  (CH),	  131.8	  (C),	  131.0	  (C),	  125.4	  (CH),	  122.2	  (CH),	  121.9	  (C),	  120.9	  (CH),	  116.0	  (C),	  115.5	  (CH),	  113.7	  (CH),	  83.8	  (C),	  83.0	  (C),	  36.6	  (CH3),	  28.0	  (3	  ×	  CH3),	  27.5	  (3	  ×	  CH3),	  0.0	  (3	  ×	  CH3)	  (one	  resonance	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2979,	  1733,	  1666,	  1325,	  1166,	  1136,	  848	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  511	  (M+!,	  36%),	  455	  (11),	  411	  (10),	  384	  (18),	  355	  (100),	  311	  (85),	  294	  (23).	  	  
HREIMS	  Found:	  M+!,	  511.2505.	  C27H37N3O5Si	  requires	  M+!,	  511.2503.	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6.3 Experimental	  Procedures	  Associated	  with	  Work	  Reported	  in	  
Chapter	  Three	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(1,4-­‐Phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [112]	  
	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,4-­‐dibromobenzene	  (113)	  (1.00	  g	  4.24	  mmol)	  in	  1,4-­‐dioxane:H2O	  (32	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	   sequentially	   with	   boronic	   acid	   ester	   75	   (3.87	   g,	   10.6	   mmol)	   and	   K2CO3	  (1.76	   g,	   12.7	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (174	  mg,	   0.21	  mmol)	  was	   added.	  The	   resulting	   solution	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   85	   °C	   for	   26	   h.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   50	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   4:1	   v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.5	  in	  3:1	  v/v	  hexane/dichloromethane)	  and	  recrystallisation	  (cold	  hexane)	  of	  the	  ensuing	   solid	   afforded	   the	   title	  pyrrole	   112	   (1.97	   g,	   84%)	   as	   a	  white,	   crystalline	  solid,	  m.p.	  =	  202-­‐205	  °C.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.30	  (s,	  4H),	  6.48	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.26	  (d,	  J	  =	  3.2	  Hz,	  2H),	  1.24	  (s,	  18H),	  0.31	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  151.0	  (2	  ×	  C),	  138.8	  (2	  ×	  C),	  137.6	  (2	  ×	  C),	  134.1	  (2	  ×	  C),	  138.1	  (4	  ×	  CH),	  122.1	  (2	  ×	  CH),	  114.4	  (2	  ×	  CH),	  83.7	  (2	  ×	  C),	  27.4	  (6	  ×	  CH3),	  0.0	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2977,	  1735,	  1343,	  1151,	  843	  cm-­‐1.	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Mass	  spectrum	  (EI,	  70eV)	  m/z	  552	  (M+!,	  53%),	  496	  (24),	  452	  (31),	  440	  (100),	  396	  (90),	  352	  (93),	  336	  (44).	  
HREIMS	  Found:	  M+!,	  552.2839.	  C30H44N2O4Si2	  requires	  M+!,	  552.2840.	  	  
Elemental	   Analysis	   Found:	   C,	   65.15;	   H,	   8.22;	   N,	   5.01.	   C30H44N2O4Si2	   requires	   C,	  65.18;	  H,	  8.02;	  N,	  5.07%.	  
	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(1,4-­‐Phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  
[114]	  
	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (744	  mg,	  2.32	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  112	  (584	  mg,	   1.06	   mmol)	   in	   THF	   (20	   mL)	   maintained	   under	   N2	  at	   −78	   °C.	   After	   1	   h	   the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  18	  h	  before	  being	  quenched	  with	  H2O	  (60	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  60	   mL).	   The	   combined	   organic	   phases	   were	   diluted	   with	   ethanol	   (30	   mL)	   then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   4:1	   v/v	   hexane/dichloromethane	   elution).	  Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.5	   in	   2:2	   v/v	  hexane/dichloromethane)	   recrystallisation	   (cold	   hexane)	   of	   the	   ensuing	   solid	  afforded	  the	  title	  aldehyde	  114	   (567	  mg,	  95%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  85-­‐87	  °C.	  	  	  
1H	  NMR	  ((CD3)2SO,	  400	  MHz)	  δ	  7.32	  (s,	  4H),	  6.45	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.37	  (d,	  J	  =	  3.6	  Hz,	  2H),	  1.38	  (s,	  18H).	  
13C	  NMR	  [(CD3)2SO,	  100	  MHz]	  δ	  148.2	  (2	  ×	  C),	  135.7	  (2	  ×	  C),	  131.7	  (2	  ×	  C),	  127.2	  (4	  ×	  CH),	  114.8	  (2	  ×	  CH),	  112.8	  (2	  ×	  CH),	  101.9	  (2	  ×	  C),	  85.6	  (2	  ×	  C),	  26.9	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1754,	  1295,	  1158,	  1140,	  845,	  783	  cm-­‐1.	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Mass	   spectrum	   (EI,	   70eV)	   m/z	   568,	   566	   and	   564	   (M+!,	   15,	   26	   and	   14%,	  respectively),	  466	  (21),	  436	  (22),	  409	  (49),	  366	  (93),	  330	  (30),	  285	  (45),	  205	  (33).	  
HREIMS	  Found:	  M+!,	  564.0260.	  C24H2679Br2N2O4	  requires	  M+!,	  564.0259.	  
	  
	  
Tetra-­‐tert-­‐butyl	  5',5'''-­‐(1,4-­‐Phenylene)bis(5-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2,2'-­‐
bipyrrole]	  -­‐1,1'-­‐dicarboxylate)	  [111]	  
	  
	  
	  A	  magnetically	  stirred	  solution	  of	  bromopyrrole	  114	  (781	  mg	  1.38	  mmol)	   in	  1,4-­‐dioxane:H2O	   (20	   mL	   of	   a	   3:1	   v/v	   mixture)	   maintained	   under	   N2	   at	   18	   °C	   was	  treated	   sequentially	   with	   boronic	   acid	   ester	   75	   (1.26	   g,	   3.45	   mmol)	   and	   K2CO3	  (572	   mg,	   4.14	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (56	   mg,	   0.07	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   40	   °C	   for	   4	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (100	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   100	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   4:1	   v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.4	  in	  2:2	  v/v	  hexane/dichloromethane)	  recrystallisation	  (acetone)	  of	  the	  ensuing	  solid	  afforded	  the	  title	  compound	  111	  (620	  mg,	  51%)	  as	  a	  white,	  crystalline	  solid,	  no	  m.p.	  (decomposition	  above	  182	  °C).	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.41	  (s,	  4H),	  6.54	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.35	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.17-­‐6.15	  (m,	  4H),	  1.27	  (s,	  18H),	  1.16	  (s,	  18H),	  0.51	  (s,	  18H).	  	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.0	  (2	  ×	  C),	  149.7	  (2	  ×	  C),	  137.2	  (2	  ×	  C),	  136.7	  (2	  ×	  C),	   133.6	   (2	  ×	  C),	   130.7	   (2	  ×	  C),	   129.1	   (2	  ×	  CH),	   123.0	   (2	  ×	  CH),	   117.2	   (2	  ×	  CH),	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  114.0	  (2	  ×	  CH),	  112.8	  (2	  ×	  CH),	  83.4	  (2	  ×	  C),	  83.0	  (2	  ×	  C),	  27.6	  (6	  ×	  CH3),	  27.4	  (6	  ×	  CH3),	  0.3	  (6	  ×	  CH3)	  (four	  resonances	  obscured	  or	  overlapping).	  	  
IR	  νmax	  (NaCl)	  2979,	  1751,	  1733,	  1335,	  1305,	  1156,	  1137,	  844	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  882	  (M+!,	  7%),	  782	  (1),	  682	  (2),	  482	  (67),	  345	  (31),	  276	  (100).	  
HREIMS	  Found:	  M+!,	  882.4417.	  C48H66N4O8Si2	  requires	  M+!,	  882.4419.	  	  
	  
	  
Tetra-­‐tert-­‐butyl	  5',5'''-­‐(1,4-­‐Phenylene)bis(5-­‐bromo-­‐1H,1'H-­‐[2,2'-­‐bipyrrole]-­‐
1,1'-­‐dicarboxylate)	  [115]	  	  
	  	  The	   title	   compound	  was	  prepared	   from	  precursor	  111	   using	  procedures	  defined	  by	  Refvik	  et	  al.75	  Thus,	  a	  magnetically	  stirred	  solution	  of	  compound	  111	  (100	  mg,	  0.13	  mmol)	   in	   dry	   dichloromethane	   (15	  mL)	  maintained	   at	   18	   °C	   under	  N2	  was	  treated	  with	  NBS	  (44	  mg,	  0.25	  mmol).	  The	  ensuing	  mixture	  was	  stirred	  for	  0.5	  h	  at	  18	   °C	   then	   concentrated	   under	   reduced	   pressure	   and	   the	   residue	   thus	   obtained	  subjected	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	  hexane,	  9.5:0.5	  v/v	  hexane/ethyl	  acetate	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.2	  in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  115	  (92	  mg,	  91%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.38	  (s,	  4H),	  6.20	  (d,	  J	  =	  3.8	  Hz,	  2H),	  6.12	  (dd,	  J	  =	  3.8	  and	  6.0	  Hz,	  4H),	  6.07	  (d,	  J	  =	  3.8	  Hz,	  2H),	  1.26	  (s,	  18H),	  1.17	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  400	  MHz)	  δ	  149.5	  (2	  ×	  C),	  148.4	  (2	  ×	  C),	  137.0	  (2	  ×	  C),	  133.8	  (2	  ×	  C),	   129.0	   (2	  ×	  C),	   128.7	   (2	  ×	  C),	   128.3	   (4	  ×	  CH),	   115.9	   (2	  ×	  CH),	   115.8	   (2	  ×	  CH),	  114.7	  (2	  ×	  CH),	  113.1	  (2	  ×	  CH),	  102.8	  (2	  ×	  C),	  83.9	  (2	  ×	  C),	  83.6	  (2	  ×	  C),	  27.6	  (6	  ×	  CH3),	  27.4	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1750,	  1315,	  1303,	  1153,	  841,	  787	  cm-­‐1.	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Mass	   Spectrum	   (ESI,	  +ve	  mode)	  m/z	  921,	  919	  and	  917	   [(M	  +	  Na)+,	  59,	  100	  and	  49%,	  respectively].	  
HRESIMS	  Found:	  (M	  +	  Na)+,	  917.1746.	  C42H4879Br2N4O823Na	  requires	  (M	  +	  Na)+,	  917.1737.	  	  
	  
Tri-­‐tert-­‐butyl	  5-­‐(4-­‐(1,1'-­‐bis(tert-­‐Butoxycarbonyl)-­‐1H,1'H-­‐[2,2'-­‐bipyrrol]-­‐5-­‐
yl)phenyl)-­‐1H,1'H,1''H-­‐[2,2':5',2''-­‐terpyrrole]-­‐1,1',1''-­‐tricarboxylate	  [116]	  
and	  Hexa-­‐tert-­‐butyl	  5,5'''-­‐(1,4-­‐Phenylene)bis(1H,1'H,1''H-­‐[2,2':5',2''-­‐
terpyrrole]-­‐1,1',1''-­‐tricarboxylate)	  [110]	  	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   115	   (265	   mg	   0.30	   mmol)	   in	   1,4-­‐dioxane:H2O	   (12	   mL	   of	   a	   3:1	   v/v	   mixture)	   maintained	   under	   N2	   at	   18	   °C	   was	  treated	   sequentially	  with	   boronic	   acid	  26	   (156	  mg,	   0.74	  mmol)	   and	  K2CO3	   (114	  mg,	   0.83	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (12	   mg,	   0.02	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   40	   °C	   for	   20	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   50	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	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  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   9:1	   v/v	  hexane/ethyl	  acetate	  elution).	  Three	  fractions,	  A,	  B	  and	  C	  were	  thus	  obtained.	   	  Concentration	   of	   fraction	   A	   (Rf	   =	   0.4	   in	   5:1	   v/v	   hexane/ethyl	   acetate)	   gave	  
compound	  116	   (87	   mg,	   32%	   [49%	   brsm])	   as	   a	   white,	   crystalline	   solid,	   no	   m.p.	  (decomposition	  above	  159	  °C).	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.60	  (dd,	  J	  =	  1.8	  and	  3.2	  Hz,	  1H),	  7.42	  (d,	  J	  =	  8.4	  Hz,	  2H),	  7.36	  (d,	  J	  =	  8.4	  Hz,	  2H),	  6.24-­‐6.19	  (complex	  m,	  6H),	  6.18-­‐6.14	  (complex	  m,	  3H),	  6.10	  (t,	  J	  =	  3.2,	  1H),	  6.07	  (d,	  J	  =	  3.4	  Hz,	  1H),	  1.29	  (s,	  9H),	  1.26	  (s,	  9H),	  1.25	  (s,	  9H),	  1.19	  (s,	  9H),	  1.18	  (s,	  9H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.7	  (C),	  149.5	  (2	  ×	  C),	  149.4	  (C),	  148.4	  (C),	  137.1	  (C),	  136.9	  (C),	  134.3	  (C),	  133.5	  (C),	  129.6	  (C),	  129.0	  (C),	  128.6	  (C),	  128.5	  (4	  ×	  CH),	  127.3	  (C),	  122.3	  (CH),	  115.9	  (2	  ×	  CH),	  115.8	  (CH),	  114.7	  (CH),	  114.6	  (2	  ×	  CH),	  114.4	  (CH),	  114.1	  (CH),	  113.2	  (CH),	  113.0	  (CH),	  110.7	  (CH),	  102.8	  (C),	  83.9	  (C),	  83.6	  (C),	  83.1	  (C),	  83.0	  (C),	  82.3	  (C),	  27.8	  (6	  ×	  CH3),	  27.6	  (3	  ×	  CH3),	  27.5	  (3	  ×	  CH3),	  27.4	  (3	  ×	  CH3)	  (one	  resonance	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2974,	  2930,	  1735,	  1308,	  1148	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  926	  [(M	  +	  Na)+,	  100%].	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   926.4313.	   C51H61N523NaO10	   requires	   (M	   +	   Na)+,	  926.4316.	  	  	  Concentration	   of	   fraction	   B	   (Rf	   =	   0.3	   in	   5:1	   v/v	   hexane/ethyl	   acetate)	   gave	  
compound	  110	  [22	  mg,	  7%	  (10%,	  brsm)],	  as	  a	  white,	  amorphous	  solid.	   	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.61	  (dd,	  J	  =	  1.9	  and	  3.3	  Hz,	  2H),	  7.42	  (s,	  4H),	  6.25-­‐6.22	  (complex	  m,	  8H),	  6.18	  (d,	  J	  =	  3.3	  Hz,	  2H),	  6.10	  (t,	  J	  =	  3.3	  Hz,	  2H),	  1.29	  (s,	  18H),	  1.26	  (s,	  18H),	  1.19	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.7	  (2	  ×	  C),	  149.5	  (2	  ×	  C),	  149.4	  (2	  ×	  C),	  136.9	  (2	  ×	  C),	  134.1	  (2	  ×	  C),	  129.8	  (2	  ×	  C),	  129.5	  (2	  ×	  C),	  129.3	  (2	  ×	  C),	  128.6	  (2	  ×	  CH),	  127.2	  (2	  ×	  C),	  122.2	  (2	  ×	  CH),	  115.9	  (2	  ×	  CH),	  114.5	  (2	  ×	  CH),	  114.4	  (2	  ×	  CH)	  114.1	  (2	  ×	  CH),	  113.0	  (2	  ×	  CH),	  110.6	  (2	  ×	  CH),	  83.0	  (2	  ×	  C),	  82.9	  (4	  ×	  C),	  82.3	  (2	  ×	  C),	  27.7	  (12	  ×	  CH3),	  27.5	  (6	  ×	  CH3).	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IR	  νmax	  (NaCl)	  2979,	  2930,	  1741,	  1330,	  1309,	  1153	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  ion	  mode)	  m/z	  1091	  [(M	  +	  Na)+,	  100%],	  1088	  (14),	  1069	  [(M	  +	  H)+,	  4],	  826	  (39).	  	  
HRESIMS	  Found:	  (M	  +	  H)+,	  1069.5275.	  C60H73N6O12	  requires	  (M	  +	  H)+,	  1069.5286.	  
	  Concentration	   of	   fraction	   C	   (Rf	   =	   0.2	   in	   5:1	   v/v	   hexane/ethyl	   acetate)	   gave	  
compound	  115	  (87	  mg	  of	  starting	  material	  recovery,	  33%),	  as	  a	  clear,	  colourless	  oil.	  This	   material	   was	   identical,	   in	   all	   respects,	   with	   that	   obtained	   as	   described	  immediately	  above.	  
	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(1,3-­‐Phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [117]	   	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,3-­‐dibromobenezene	  (104)	  (1.50	  g	  6.36	  mmol)	  in	   1,4-­‐dioxane:H2O	   (40	  mL	   of	   a	   3:1	  mixture)	  maintained	   under	   N2	  at	   18	   °C	  was	  treated	   sequentially	   with	   boronic	   acid	   ester	   75	   (5.34	   g,	   14.6	   mmol)	   and	   K2CO3	  (2.60	   g,	   19.1	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (260	  mg,	   0.32	  mmol)	  was	   added.	  The	   resulting	   solution	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   85	   °C	   for	   20	   h.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (100	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   100	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   4:1	   v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.2	   in	  3:1	  v/v	  hexane/dichloromethane)	  afforded	  the	  title	  compound	  117	   (3.30	  g,	  93%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  128-­‐131	  °C.	  
Pd(dppf)Cl2•CH2Cl2, K2CO3,
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1H	  NMR	   (CDCl3,	  400	  MHz)	  δ	  7.33-­‐7.22	   (complex	  m,	  4H),	  6.46	   (d,	   J	  =	  3.2	  Hz,	  2H),	  6.19	  (d,	  J	  =	  3.2	  Hz,	  2H),	  1.19	  (s,	  18H),	  0.30	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  151.0	  (2	  ×	  C),	  138.6	  (2	  ×	  C),	  137.2	  (2	  ×	  C),	  135.1	  (2	  ×	  C),	  129.6	  (CH),	  127.5	  (2	  ×	  CH),	  127.1	  (CH),	  122.0	  (2	  ×	  CH),	  114.2	  (2	  ×	  CH),	  83.5	  (2	  ×	  C),	  27.4	  (6	  ×	  CH3),	  0.0	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1738,	  1332,	  1139,	  842	  cm-­‐1.	  
Mass	   spectrum	   (EI,	   70eV)	  m/z	   552	   (M+!,	   18%),	   497	   (7),	   452	   (7),	   440	   (10),	   396	  (40),	  352	  (100),	  337	  (21).	  
HREIMS	  Found:	  M+!,	  552.2834.	  C30H44N2O4Si2	  requires	  M+!,	  552.2840.	  	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(1,3-­‐Phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  
[106]	   	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (2.60	  g,	  8.13	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  117	  (2.04	  g,	  3.68	  mmol)	  in	  THF	  (60	  mL)	  maintained	  under	  N2	  at	  −78	  °C.	  After	  1	  h	  the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  a	  further	  15	  h	  before	  being	  quenched	  with	  H2O	  (200	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  200	  mL).	  The	  combined	  organic	  phases	  were	  diluted	  with	  ethanol	  (100	  mL)	  then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   4:1	   v/v	   hexane/dichloromethane	   elution).	  Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.2	   in	   3:1	   v/v	   hexane/	  dichloromethane)	   afforded	   the	   title	   compound	   10673	   (2.03	   g,	   97%)	   as	   a	   light-­‐yellow	  oil.	  	  	  
117
TMS
TMS
BocN
N
Boc
97%
Pyr•HBr3, THF, 
−78 to 18 °C,16 h
106
Br
Br
BocN
N
Boc
	   	   Chapter	  Six	  	  
	   	  
139	  
1H	  NMR	   (CDCl3,	  400	  MHz)	  δ	  7.40-­‐7.39	   (complex	  m,	  4H),	  6.30	   (d,	   J	  =	  3.6	  Hz,	  2H),	  6.16	  (d,	  J	  =	  3.6	  Hz,	  2H),	  1.34	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  148.6	  (2	  ×	  C),	  136.3	  (2	  ×	  C),	  134.0	  (2	  ×	  C),	  127.8	  (CH),	  127.7	  (CH),	  127.3	  (2	  ×	  CH),	  115.0	  (2	  ×	  CH),	  113.0	  (2	  ×	  CH),	  102.3	  (2	  ×	  C),	  85.3	  (2	  ×	  C),	  27.5	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1754,	  1293,	  1158	  cm-­‐1.	  
Mass	   spectrum	   (EI,	   70eV)	   m/z	   568,	   566	   and	   564	   (M+!,	   51,	   100	   and	   49%,	  respectively).	  
HREIMS	  Found:	  M+!,	  564.0253.	  C24H2679BrN2O4	  requires	  M+!,	  564.0259.	  	  These	  data	  matched	  those	  reported	  in	  the	  literature.73	  	  
	  
	  
Tetra-­‐tert-­‐butyl	  5',5'''-­‐(1,3-­‐Phenylene)bis(5-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2,2'-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [118]	  
	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   105	   (2.02	   g	   3.57	   mmol)	   in	   1,4-­‐dioxane:H2O	  (64	  mL	  of	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  ester	  75	  (3.27	  g,	  8.94	  mmol)	  and	  K2CO3	  (1.48	  g,	  10.7	  mmol).	  The	  ensuing	  mixture	  was	  flushed	  with	  N2	  for	  0.5	  h	  then	  Pd(dppf)Cl2!CH2Cl2	  (159	   mg,	   0.19	   mmol)	   was	   added.	   The	   resulting	   solution	   was	   flushed	   with	  additional	   N2	   and	   the	   container	   then	   evacuated	   and	   refilled	   five	   times	   with	   N2	  before	  the	  reaction	  mixture	  was	  stirred	  at	  40	  °C	  for	  4	  d.	  The	  ensuing	  mixture	  was	  cooled,	   quenched	  with	  H2O	   (200	  mL)	   and	   extracted	  with	   ethyl	   acetate	   (3	   ×	   200	  mL).	  The	  combined	  organic	  phases	  were	  dried	  (MgSO4),	  filtered	  and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	   flash	  column	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  chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	   hexane,	   9.5:0.5	   v/v	  hexane/ethyl	  acetate	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.2	  in	  2:2	  v/v	  hexane/dichloromethane)	  afforded	  the	  title	  compound	  118	  (2.19	  g,	  69%)	  as	  a	  light-­‐yellow	  oil.	  	  
1H	   NMR	   (C6D6,	   400	   MHz)	   δ	   7.66	   (s,	   1H),	   7.34-­‐7.32	   (complex	   m,	   2H),	   7.22-­‐7.20	  (complex	  m,	  1H),	  6.53	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.32	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.26	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.17	  (d,	  J	  =	  3.6	  Hz,	  2H),	  1.28	  (s,	  18H),	  1.16	  (s,	  18H),	  0.50	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.0	  (2	  ×	  C),	  149.7	  (2	  ×	  C),	  137.1	  (2	  ×	  C),	  137.0	  (2	  ×	  C),	  134.6	  (2	  ×	  C),	  130.8	  (2	  ×	  C),	  129.0	  (CH),	  128.0	  (CH),	  127.7	  (2	  ×	  CH),	  127.4	  (2	  ×	  C),	  123.0	  (2	  ×	  CH),	  117.2	  (2	  ×	  CH),	  114.0	  (2	  ×	  CH),	  112.9	  (2	  ×	  CH),	  83.4	  (2	  ×	  C),	  83.0	  (2	  ×	  C),	  27.6	  (6	  ×	  CH3),	  27.5	  (6	  ×	  CH3),	  0.4	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1747,	  1732,	  1334,	  1309,	  1156,	  843	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  883	  [(M	  +	  H)+,	  2%],	  682	  (7),	  582	  (3),	  482	  (100).	  	  
HREIMS	  Found:	  M+!,	  882.4419.	  C48H66N4O8Si2	  requires	  M+!,	  882.4419.	  	  
	  
	  
Tetra-­‐tert-­‐butyl	  5',5'''-­‐(1,3-­‐Phenylene)bis(5-­‐bromo-­‐1H,1'H-­‐[2,2'-­‐bipyrrole]-­‐
1,1'-­‐dicarboxylate)	  [119]	   	  
	  	  A	   magnetically	   stirred	   solution	   compound	   118	   (298	   mg,	   0.34	   mmol)	   in	   dry	  dichloromethane	  (20	  mL)	  maintained	  at	  18	  °C	  under	  N2	  was	  treated	  with	  NBS	  (132	  mg,	   0.74	   mmol).	   The	   ensuing	   mixture	   was	   stirred	   for	   0.5	   h	   at	   18	   °C	   then	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   3:1	   v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  
118
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  0.2	  in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  119	  (275	  mg,	  91%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (C6D6,	  300	  MHz)	  δ	  7.62	  (s,	  1H),	  7.32	  (d,	  J	  =	  1.6	  Hz,	  1H),	  7.30	  (d,	  J	  =	  1.6	  Hz,	  1H),	  6.21-­‐6.16	  (complex	  m,	  6H),	  6.05	  (d,	  J	  =	  3.6	  Hz,	  2H),	  1.27	  (s,	  18H),	  1.16	  (s,	  18H)	  (one	  resonance	  obscured	  or	  overlapping).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.5	  (2	  ×	  C),	  148.4	  (2	  ×	  C),	  137.2	  (2	  ×	  C),	  134.8	  (2	  ×	  C),	  129.1	  (2	  ×	  C),	  129.0	  (2	  ×	  C),	  128.6	  (CH),	  127.4	  (2	  ×	  CH),	  115.9	  (2	  ×	  CH),	  115.8	  (2	  ×	  CH),	  114.7	  (2	  ×	  CH),	  113.1	  (2	  ×	  CH),	  102.8	  (2	  ×	  C),	  84.0	  (2	  ×	  C),	  83.6	  (2	  ×	  C),	  27.6	  (6	  ×	  CH3),	  27.4	  (6	  ×	  CH3)	  (one	  resonance	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2977,	  2932,	  1751,	  1315,	  1154,	  848,	  787	  cm-­‐1.	  
Mass	  spectrum	  MS	  (ESI,	  +ve	  mode)	  m/z	  921,	  919	  and	  917	  [(M	  +	  Na)+,	  52,	  85	  and	  50%,	  respectively],	  497	  and	  495	  (75	  and	  55),	  415	  (100).	  	  
HRESIMS	   Found:	   (M	   +	  Na)+,	   917.1736.	   C42H4879Br2N423NaO8	   requires	   (M	   +	  Na)+,	  917.1737.	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Tri-­‐tert-­‐butyl	  5-­‐(3-­‐(1,1'-­‐bis(tert-­‐Butoxycarbonyl)-­‐1H,1'H-­‐[2,2'-­‐bipyrrol]-­‐5-­‐
yl)phenyl)-­‐1H,1'H,1''H-­‐[2,2':5',2''-­‐terpyrrole]-­‐1,1',1''-­‐tricarboxylate	  [120]	  
and	  Hexa-­‐tert-­‐butyl	  5,5'''-­‐(1,3-­‐Phenylene)bis(1H,1'H,1''H-­‐[2,2':5',2''-­‐ter	  
pyrrole]-­‐1,1',1''-­‐tricarboxylate)	  [121]	  
	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   119	   (321	   mg	   0.36	   mmol)	   in	   1,4-­‐dioxane:H2O	   (20	   mL	   of	   a	   3:1	   v/v	   mixture)	   maintained	   under	   N2	   at	   18	   °C	   was	  treated	   sequentially	  with	  boronic	   acid	   ester	  26	   (189	  mg,	   0.90	  mmol)	   and	  K2CO3	  (148	   mg,	   1.07	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (15	   mg,	   0.18	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   40	   °C	   for	   20	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (100	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   100	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	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  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   9:1	   v/v	  hexane/ethyl	  acetate	  elution).	  Three	  fractions	  A,	  B,	  and	  C	  were	  thus	  obtained.	  	  	  	  Concentration	   of	   fraction	   A	   (Rf	   =	   0.4	   in	   5:1	   v/v	   hexane/ethyl	   acetate)	   gave	  
compound	  120	  [87	  mg,	  25%	  (29%	  brsm)]	  as	  a	  light-­‐yellow	  oil.	  	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.65	  (t,	  J	  =	  1.6	  Hz,	  1H),	  7.59	  (dd,	  J	  =	  3.3	  and	  1.6	  Hz,	  1H),	  7.36	  (dt,	  J	  =	  7.7	  and	  1.6	  Hz,	  1H),	  7.30	  (dt,	  J	  =	  7.7	  and	  1.6	  Hz,	  1H),	  7.16-­‐7.13	  (complex	  m,	  2H),	  6.29	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.24	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.22-­‐6.18	  (complex	  m,	  4H),	  6.17-­‐6.15	  (complex	  m,	  2H),	  6.10	  (t,	  J	  =	  3.3	  Hz,	  1H),	  6.05	  (d,	  J	  =	  3.3	  Hz,	  1H),	  1.28	  (s,	  9H),	  1.27	  (s,	  9H),	  1.26	  (s,	  9H),	  1.18	  (s,	  9H),	  1.16	  (s,	  9H).	  
13C	   NMR	   (C6D6,	   100	  MHz)	  δ	  149.6	   (C),	   149.5	   (C),	   149.5	   (C)	  149.4	   (C),	   148.4	   (C),	  137.2	   (C),	  137.0	   (C),	  135.4	   (C),	  134.7	   (C),	  129.5	   (C),	  129.2	   (CH),	  129.0	   (C),	  128.5	  (C),	  128.5	  (C),	  127.6	  (CH),	  127.3	  (CH),	  127.2	  (C),	  122.3	  (CH),	  115.9	  (3	  ×	  CH),	  115.7	  (CH),	  114.6	  (CH),	  114.5	  (CH).	  114.4	  (CH),	  114.1	  (CH),	  113.2	  (CH),	  113.1	  (CH),	  110.7	  (CH),	  102.8	  (C),	  84.0	  (C),	  83.6	  (C),	  83.0	  (2	  ×	  C),	  82.3	  (C),	  27.8	  (3	  ×	  CH3),	  27.7	  (3	  ×	  CH3),	  27.6	   (3	  ×	  CH3),	  27.5	   (3	  ×	  CH3),	  27.4	   (3	  ×	  CH3)	   (one	   resonance	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2975,	  2933,	  1742,	  1310,	  1152,	  846,	  787	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  926	  [(M	  +	  Na)+,	  100%].	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   926.4315.	   C51H61N523NaO10	   requires	   (M	   +	   Na)+,	  926.4316.	  	  	  Concentration	   of	   fraction	   B	   (Rf	   =	   0.3	   in	   5:1	   v/v	   hexane/ethyl	   acetate)	   gave	  
compound	  121	  [100	  mg,	  27%	  (31%,	  brsm)]	  as	  a	  light-­‐yellow	  oil.	  	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.68	  (t,	  J	  =	  1.6	  Hz,	  1H),	  7.63	  (dd,	  J	  =	  1.6	  and	  3.2	  Hz,	  2H),	  7.36	  (d,	  J	  =	  2.2	  Hz,	  1H),	  7.34	  (d,	  J	  =	  2.2	  Hz,	  1H),	  7.16-­‐7.12	  (complex	  m,	  1H),	  6.28	  (d,	  J	  
=	  3.2	  Hz,	  2H),	  6.24-­‐6.21	  (complex	  m,	  6H),	  6.17	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.10	  (t,	  J	  =	  3.2	  Hz,	  2H),	  1.29	  (s,	  18H),	  1.26	  (s,	  18H),	  1.18	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.6	  (2	  ×	  C),	  149.5	  (2	  ×	  C),	  149.4	  (2	  ×	  C),	  137.1	  (2	  ×	  C),	  135.3	  (2	  ×	  C),	  129.5	  (CH),	  129.2	  (2	  ×	  C),	  128.5	  (CH),	  127.3	  (2	  ×	  CH),	  122.3	  (2	  ×	  CH),	  115.9	  (2	  ×	  CH),	  114.5	  (2	  ×	  CH),	  114.3	  (2	  ×	  CH),	  114.1	  (2	  ×	  CH),	  113.1	  (2	  ×	  CH),	  
	   	   Chapter	  Six	  	  
	   	  
144	  110.7	  (2	  ×	  CH),	  83.0	  (4	  ×	  C),	  82.4	  (2	  ×	  C),	  27.8	  (6	  ×	  CH3),	  27.7	  (6	  ×	  CH3),	  27.5	  (6	  ×	  CH3)	  (six	  resonances	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2979,	  2933,	  1741,	  1329,	  1311,	  1156,	  847,	  789,	  730	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  1092	  [(M	  +	  Na)+,	  100%].	  	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   1091.5107.	   C60H72N623NaO12	   requires	   (M	   +	   Na)+,	  1091.5106.	  	  Concentration	   of	   fraction	   C	   (Rf	   =	   0.2	   in	   5:1	   v/v	   hexane/ethyl	   acetate)	   gave	  
compound	  119	  (45	  mg	  of	  starting	  material	  recovery,	  14%),	  as	  a	  clear,	  colourless	  oil.	  This	   material	   was	   identical,	   in	   all	   respects,	   with	   that	   obtained	   as	   described	  immediately	  above.	  
	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(1,2-­‐Phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [123]	  
	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,2-­‐dibromobenzene	  (122)	  (1.00	  g	  4.24	  mmol)	  in	  1,4-­‐dioxane:H2O	  (28	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	   sequentially	   with	   boronic	   acid	   ester	   75	   (3.87	   g,	   10.6	   mmol)	   and	   K2CO3	  (1.76	   g,	   12.7	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (173	  mg,	   0.21	  mmol)	  was	   added.	  The	   resulting	   solution	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	  N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   85	   °C	   for	   48	  h.	   The	   resulting	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (100	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   50	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	   hexane,	   eluted	  with	   silica,	   4:1	   v/v	   hexane/dichloromethane	   elution).	   Concentration	   of	   the	  appropriate	   fractions	   (Rf	   =	   0.2	   in	   3:1	   v/v	   hexane/dichloromethane)	   and	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  recrystallisation	   (cold	   hexane)	   of	   the	   ensuing	   solid	   afforded	   the	   title	   compound	  
123	  (1.96	  g,	  84%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  144-­‐147	  °C.	  	  
1H	  NMR	   (CDCl3,	  400	  MHz)	  δ	  7.30-­‐7.24	   (complex	  m,	  4H),	  6.30	   (d,	   J	  =	  3.0	  Hz,	  2H),	  5.95	  (d,	  J	  =	  3.0	  Hz,	  2H),	  1.17	  (s,	  18H),	  0.22	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  150.6	  (2	  ×	  C),	  137.0	  (2	  ×	  C),	  136.3	  (2	  ×	  C),	  135.9	  (2	  ×	  C),	  129.8	  (2	  ×	  CH),	  126.7	  (2	  ×	  CH),	  121.9	  (2	  ×	  CH),	  113.9	  (2	  ×	  CH),	  82.8	  (2	  ×	  C),	  27.5	  (6	  ×	  CH3),	  0.0	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1736,	  1343,	  1149,	  842	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  552	  (M+!,	  39%),	  452	  (12),	  440	  (12),	  396	  (80),	  352	  (85),	  73	  (81),	  57	  (100).	  
HREIMS	  Found:	  M+!,	  552.2833.	  C30H44N2O4Si2	  requires	  M+!,	  552.2840.	  	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(1,2-­‐Phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  
[124]	  
	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (759	  mg,	  2.37	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  123	  (597	  mg,	   1.07	   mmol)	   in	   THF	   (20	   mL)	   maintained	   under	   N2	   at	   −78	   °C.	   After	   1	   h	   the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  a	  further	   19	   h	   before	   being	   quenched	  with	  H2O	   (60	  mL)	   and	   extracted	  with	   ethyl	  acetate	  (3	  ×	  60	  mL).	  The	  combined	  organic	  phases	  were	  diluted	  with	  ethanol	  (30	  mL)	  then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (silica,	  4:1	  v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.4,	  3:1	  v/v	  hexane/dichloromethane)	  afforded	  the	  title	  compound	  
124	  (536	  mg,	  88%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  82-­‐85	  °C.	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1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  6.98-­‐6.96	  (complex	  m,	  2H),	  6.88-­‐6.86	  (complex	  m,	  2H),	  6.10	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.00	  (d,	  J	  =	  3.6	  Hz,	  2H),	  1.10	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  148.5	  (2	  ×	  C),	  135.3	  (2	  ×	  C),	  134.3	  (2	  ×	  C),	  130.7	  (2	  ×	  CH),	  127.1	  (2	  ×	  CH),	  115.6	  (2	  ×	  CH),	  113.6	  (2	  ×	  CH),	  101.6	  (2	  ×	  C),	  84.2	  (2	  ×	  C),	  27.3	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2976,	  1751,	  1315,	  1295,	  1158,	  1141,	  844,	  784	  cm-­‐1.	  
Mass	   spectrum	   (EI,	   70eV)	   m/z	   568,	   566	   and	   564	   (M+!,	   52,	   100	   and	   51%,	  respectively).	  
HREIMS	  Found:	  M+!,	  564.0267.	  C24H2679Br2N2O4	  requires	  M+!,	  564.0259.	  	  
	  
Tetra-­‐tert-­‐butyl	  5',5'''-­‐(1,2-­‐Phenylene)bis(5-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2,2'-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate	  [125]	  
	  
	  	  A	   magnetically	   stirred	   solution	   of	   bis-­‐pyrrole	   124	   (901	  mg,	   1.60	   mmol)	   in	   1,4-­‐dioxane:H2O	   (28	   mL	   of	   a	   3:1	   v/v	   mixture)	   maintained	   under	   N2	   at	   18	   °C	   was	  treated	   sequentially	   with	   boronic	   acid	   ester	   75	   (1.47	   g,	   4.01	   mmol)	   and	   K2CO3	  (670	   mg,	   4.82	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (66	   mg,	   0.08	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   40	   °C	   for	   4	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (100	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   100	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   9:1	   v/v	  hexane/ethyl	  acetate	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.3	  in	   9:1	   v/v	   hexane/ethyl	   acetate)	   and	   recrystallisation	   (cold	   methanol)	   of	   the	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147	  ensuing	   solid	   afforded	   the	   title	   compound	   125	   (710	   mg,	   50%)	   as	   a	   white,	  crystalline,	  solid,	  m.p.	  =	  103-­‐106	  °C.	  
	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.47	  (dd,	  J	  =	  3.0	  and	  5.7	  Hz,	  2H),	  7.23	  (complex	  m,	  2H),	  6.60	  (d,	   J	  =	  3.0	  Hz,	  2H),	  6.41	  (d,	   J	  =	  3.0	  Hz,	  2H),	  6.09	  (s,	  2H),	  5.99	  (s,	  2H),	  1.27	  (s,	  18H),	  1.14	  (s,	  18H),	  0.50	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.0	  (2	  ×	  C),	  149.1	  (2	  ×	  C),	  136.7	  (2	  ×	  C),	  135.4	  (2	  ×	  C),	  131.3	  (2	  ×	  C),	  130.2	  (2	  ×	  CH),	  127.2	  (2	  ×	  CH),	  122.9	  (2	  ×	  CH),	  117.0	  (2	  ×	  CH),	  114.2	  (2	  ×	  C),	  113.8	  (4	  ×	  CH),	  83.4	  (2	  ×	  C),	  82.4	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  27.6	  (6	  ×	  CH3),	  0.4	  (6	  ×	  CH3)	  (two	  resonances	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2980,	  1746,	  1731,	  1335,	  1309,	  1156,	  1141,	  842	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  882	  (M+!,	  100%),	  883	  (64),	  884	  (28).	  
HREIMS	  Found:	  M+!,	  882.4417.	  C48H66N4O8Si2	  requires	  M+!,	  882.4419.	  	  	  
Tetra-­‐tert-­‐butyl	  5',5'''-­‐(1,2-­‐Phenylene)bis(5-­‐bromo-­‐1H,1'H-­‐[2,2'-­‐bipyrrole]-­‐
1,1'-­‐dicarboxylate)	  [126]	  	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   125	   (298	   mg,	   0.34	   mmol)	   in	   dry	  dichloromethane	  (20	  mL)	  maintained	  at	  18	  °C	  under	  N2	  was	  treated	  with	  NBS	  (132	  mg,	   0.74	   mmol).	   The	   ensuing	   mixture	   was	   stirred	   at	   18	   °C	   for	   0.5	   h	   then	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   3:1	   v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.2	  in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  126	  (280	  mg,	  91%)	  as	  a	  white,	  crystalline	  solid,	  no	  m.p.	  (decomposition	  above	  101°C).	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1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.38	  (dd,	  J	  =	  3.6	  and	  6	  Hz,	  2H),	  7.10	  (dd,	  J	  =	  3.6	  and	  6	  Hz,	  2H),	  6.20	  (d,	  J	  =	  3.6	  Hz,	  4H),	  6.11	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.06	  (d,	  J	  =	  3.6	  Hz,	  2H),	  1.30	  (s,	  18H),	  1.13	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.3	  (2	  ×	  C),	  148.4	  (2	  ×	  C),	  135.7	  (2	  ×	  C),	  135.1	  (2	  ×	  C),	   130.6	   (2	  ×	  CH),	   129.6	   (2	  ×	  C),	   127.4	   (2	  ×	  C),	   126.8	   (2	  ×	  CH),	   115.8	   (2	  ×	  CH),	  115.5	  (2	  ×	  CH),	  114.8	  (2	  ×	  CH),	  113.6	  (2	  ×	  CH),	  102.2	  (2	  ×	  C),	  84.0	  (2	  ×	  C),	  83.0	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  27.5	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2979,	  1749,	  1312,	  1153,	  847	  cm-­‐1.	  	  
Mass	   spectrum	   (ESI,	  +ve	  mode)	  m/z	   921,	  919	  and	  917	   [(M	  +	  Na)+,	  60,	  100	  and	  54%,	  respectively].	  
HRESIMS	   Found:	   (M	   +	  Na)+,	   917.1729.	   C42H4879Br2N423NaO8	   requires	   (M	   +	  Na)+,	  917.1737.	  	  
	  
Tri-­‐tert-­‐butyl	  5-­‐(2-­‐(1,1'-­‐bis(tert-­‐Butoxycarbonyl)-­‐1H,1'H-­‐[2,2'-­‐bipyrrol]-­‐5-­‐
yl)phenyl)-­‐1H,1'H,1''H-­‐[2,2':5',2''-­‐terpyrrole]-­‐1,1',1''-­‐tricarboxylate	  [127]	  
and	  Hexa-­‐tert-­‐butyl	  5,5'''-­‐(1,2-­‐Phenylene)bis(1H,1'H,1''H-­‐[2,2':5',2''-­‐
terpyrrole]-­‐1,1',1''-­‐tricarboxylate)	  [128]	  	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   126	   (337	   mg	   0.38	   mmol)	   in	   1,4-­‐dioxane:H2O	   (20	   mL	   of	   a	   3:1	   v/v	   mixture)	   maintained	   under	   N2	   at	   18	   °C	   was	  treated	   sequentially	  with	   boronic	   acid	  26	   (198	  mg,	   0.94	  mmol)	   and	  K2CO3	   (156	  mg,	   1.13	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (15	   mg,	   0.02	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   40	   °C	   for	   20	   d.	   The	   ensuing	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  mixture	  was	  cooled,	  quenched	  with	  H2O	  (100	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   100	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	  Et3N	   in	   hexane,	   9:1	   v/v	  hexane/ethyl	  acetate	  elution).	  Two	  fractions	  A	  and	  B	  were	  thus	  obtained.	  	  	  	  Concentration	   of	   fraction	   A	   (Rf	   =	   0.2	   in	   5:1	   v/v	   hexane/ethyl	   acetate)	   gave	  
compound	  127	  (140	  mg,	  42%)	  as	  a	  light-­‐yellow	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.60	  (dd,	  J	  =	  3.4	  and	  2	  Hz,	  1H),	  7.55-­‐7.53	  (complex	  m,	  1H),	  7.45-­‐7.37	  (complex	  m,	  2H),	  7.09-­‐7.06	  (complex	  m,	  1H),	  6.30	  (dd,	  J	  =	  3.4	  and	  2	  Hz,	  2H),	  6.27-­‐6.26	  (complex	  m,	  1H),	  6.24-­‐6.15	  (complex	  m,	  6H),	  6.09	  (t,	  J	  =	  3.2,	  1H),	  6.07	  (t,	  J	  =	  3.2	  Hz,	  1H),	  1.32	  (s,	  9H),	  1.28	  (s,	  18H),	  1.14	  (s,	  9H),	  1.13	  (s,	  9H).	  
13C	   NMR	   (C6D6,	   100	  MHz)	  δ	  149.6	   (C),	   149.6	   (C),	   149.5	   (C)	  149.5	   (C),	   149.4	   (C),	  135.5	  (C),	  135.1	  (C),	  131.1	  (CH),	  130.7	  (CH),	  129.1	  (C),	  128.6	  (CH),	  127.4	  (C),	  127.3	  (C),	  126.6	  (CH),	  126.5	  (CH),	  122.1	  (2	  ×	  CH),	  116.3	  (2	  ×	  CH),	  115.9	  (CH),	  114.6	  (2	  ×	  CH),	  114.2	  (CH),	  114.0	  (CH),	  113.7	  (CH),	  110.7	  (CH),	  110.6	  (CH),	  83.1	  (C),	  82.7	  (C),	  83.4	  (C),	  82.2	  (2	  ×	  C),	  82.1	  (C),	  27.9	  (3	  ×	  CH3),	  27.8	  (3	  ×	  CH3),	  27.7	  (3	  ×	  CH3),	  27.6	  (3	  ×	  CH3),	  27.5	  (3	  ×	  CH3)	  (three	  resonance	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2980,	  2934,	  1742,	  1313,	  1153,	  848,	  792	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  926	  [(M	  +	  Na)+,	  100%].	  	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   926.4316.	   C51H61N523NaO10	   requires	   (M	   +	   Na)+,	  926.4316.	  	  Concentration	   of	   fraction	   B	   (Rf	   =	   0.1	   in	   5:1	   v/v	   hexane/ethyl	   acetate)	   gave	  
compound	  128	  (160	  mg,	  41%)	  as	  a	  light-­‐yellow	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.59	  (dd,	  J	  =	  2.0	  and	  3.2	  Hz,	  2H),	  7.42	  (dd,	  J	  =	  3.2	  and	  5.6	  Hz,	  2H),	  7.03	  (dd,	  J	  =	  3.2	  and	  5.6	  Hz,	  2H),	  6.35	  (d,	  J	  =	  3.4	  Hz,	  2H),	  6.20	  (d,	  J	  =	  3.4	  Hz,	  2H),	  6.18-­‐6.14	  (complex	  m,	  6H),	  6.06	  (t,	  J	  =	  3.2	  Hz,	  2H),	  1.30	  (s,	  18H),	  1.27	  (s,	  18H),	  1.12	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.6	  (6	  ×	  C),	  135.6	  (2	  ×	  C),	  135.3	  (2	  ×	  C),	  131.0	  (2	  ×	  CH),	   129.0	   (2	  ×	  C),	   128.6	   (2	  ×	  C),	   127.4	   (2	  ×	  C),	   126.4	   (2	  ×	  CH),	   122.1	   (2	  ×	  CH),	  115.9	   (2	  ×	  CH),	   114.6	   (2	  ×	  CH),	   114.3	   (2	  ×	  CH),	   114.0	   (2	  ×	  CH),	   113.7	   (2	  ×	  CH),	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  110.7	   (2	  ×	  CH),	  83.2	   (2	  ×	  C),	  82.4	   (2	  ×	  C),	  82.0	   (2	  ×	  C),	  27.9	   (6	  ×	  CH3),	  27.7	   (6	  ×	  CH3),	  27.6	  (6	  ×	  CH3)	  (two	  resonance	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2979,	  1741,	  1329,	  1312,	  1152,	  847,	  789,	  729	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  1092	  [(M	  +	  Na)+,	  100%].	  	  
HRESIMS	  Found:	  (M	  +	  Na)+,	  1091.5107.	  C60H72N623NaO12	  requires	  (M	  +	  Na)+,	  1091.5106.	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6.4 Experimental	  Procedures	  Associated	  with	  Work	  Reported	  in	  
Chapter	  Four	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐
pyrrole-­‐1-­‐carboxylate)	  [131]	   	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,4-­‐dibromo-­‐2,5-­‐dimethylbenzene	  (130)	  (1.00	  g	  3.79	  mmol)	  in	  1,4-­‐dioxane:H2O	  (48	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  ester	  75	   (3.46	  g,	  9.47	  mmol)	  and	  K2CO3	  (1.57	  g,	  11.4	  mmol).	  The	  ensuing	  mixture	  was	  flushed	  with	  N2	  for	  0.5	  h	  then	  Pd(dppf)Cl2!CH2Cl2	   (156	  mg,	  0.19	  mmol)	  was	  added.	  The	  resulting	  solution	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	  N2	  before	  the	  reaction	  mixture	  was	  stirred	  at	  80	  °C	  for	  3	  d.	  The	  ensuing	  mixture	  was	  cooled,	  diluted	  with	  H2O	  (100	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	   100	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   5:1	   v/v	  hexane/ethyl	   acetate)	   afforded	   the	   title	   pyrrole	   131	   (1.29	   g,	   58%)	   as	   a	   white,	  crystalline	  solid,	  m.p.	  =	  198-­‐200	  °C.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  6.85	  (s,	  2H),	  6.71	  (d,	  J	  =	  3.0	  Hz,	  2H),	  6.18	  (d,	  J	  =	  3.0	  Hz,	  2H),	  2.03	  (s,	  6H),	  1.05	  (s,	  18H),	  0.55	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.2	  (2	  ×	  C),	  138.0	  (2	  ×	  C),	  136.4	  (2	  ×	  C),	  135.5	  (2	  ×	  C),	  133.9	  (2	  ×	  C),	  131.2	  (2	  ×	  CH),	  122.9	  (2	  ×	  CH),	  114.4	  (2	  ×	  CH),	  82.9	  (2	  ×	  C),	  27.1	  (6	  ×	  CH3),	  19.3	  (2	  ×	  CH3),	  0.3	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2977,	  1735,	  1343,	  1151,	  843	  cm-­‐1.	  	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  580	  (M+!,	  76%),	  468	  (78),	  424	  (73),	  364	  (81).	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HREIMS	  Found:	  M+!,	  580.3149.	  C32H48N2O4Si2	  requires	  M+!,	  580.3153.	  
	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [132]	  
	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (1.56	  g,	  4.87	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  131	  (1.29	  mg,	   2.21	   mmol)	   in	   THF	   (40	   mL)	   maintained	   under	   N2	  at	   −78	   °C.	   After	   1	   h	   the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  a	  further	  19	  h	  then	  quenched	  with	  H2O	  (40	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  60	  mL).	   The	   combined	   organic	   phases	   were	   diluted	   with	   ethanol	   (30	  mL)	   then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	  appropriate	   fractions	  (Rf	  =	  0.3	   in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	   title	  
pyrrole	  132	  (1.00	  g,	  77%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  144-­‐147	  °C.	  	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  6.87	  (s,	  2H),	  6.26	  (d,	  J	  =	  3.6	  Hz,	  2H),	  5.88	  (d,	  J	  =	  3.6	  Hz,	  2H),	  2.05	  (s,	  6H),	  1.14	  (s,	  18H).	  	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  148.4	  (2	  ×	  C),	  135.8	  (2	  ×	  C),	  134.4	  (4	  ×	  C),	  131.8	  (2	  ×	  CH),	  115.5	  (2	  ×	  CH),	  113.2	  (2	  ×	  CH),	  101.3	  (2	  ×	  C),	  84.2	  (2	  ×	  C),	  26.2	  (6	  ×	  CH3),	  19.4	  (2	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2977,	  1749,	  1314,	  1159,	  846,	  784	  cm-­‐1.	  	  
Mass	   spectrum	   (EI,	   70eV)	   m/z	   596,	   594	   and	   592	   (M+!,	   51,	   100	   and	   47%,	  respectively).	  
HREIMS	  Found:	  M+!,	  592.0568.	  C26H3079Br2N2O4	  requires	  M+!,	  592.0572.	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Tetra-­‐tert-­‐butyl	  5',5'''-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(5-­‐(trimethylsilyl)-­‐
1H,1'H-­‐[2,2'-­‐bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [133]	  
	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   132	   (1.00	   g	   1.69	   mmol)	   in	   1,4-­‐dioxane:H2O	   (24	   mL	   of	   a	   3:1	   v/v	   mixture)	   maintained	   under	   N2	   at	   18	   °C	   was	  treated	   sequentially	   with	   boronic	   acid	   ester	   75	   (1.55	   g,	   4.24	   mmol)	   and	   K2CO3	  (703	  mg,	   5.09	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (69	   mg,	   0.09	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   40	   °C	   for	   4	   d.	   The	   ensuing	  mixture	  was	  cooled,	  diluted	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	   50	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.4	   in	   9:1	   v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  133	  (830	  mg,	  54%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  197-­‐200	  °C.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.19	  (s,	  2H),	  6.53	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.37	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.19	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.06	  (d,	  J	  =	  3.2	  Hz,	  2H),	  2.30	  (s,	  6H),	  1.31	  (s,	  18H),	  1.15	  (s,	  18H),	  0.48	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.0	  (2	  ×	  C),	  149.5	  (2	  ×	  C),	  137.1	  (2	  ×	  C),	  135.6	  (2	  ×	  C),	  134.4	  (2	  ×	  C),	  133.9	  (2	  ×	  C),	  131.9	  (2	  ×	  CH),	  131.0	  (2	  ×	  C),	  123.0	  (2	  ×	  CH),	  117.3	  (2	  ×	  CH),	  113.8	  (2	  ×	  CH),	  112.7	  (2	  ×	  CH),	  83.4	  (2	  ×	  C),	  82.7	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  27.4	   (6	   ×	   CH3),	   19.9	   (2	   ×	   C),	   0.4	   (6	   ×	   CH3)	   (two	   resonances	   obscured	   or	  overlapping).	  
IR	  νmax	  (KBr)	  2980,	  1747,	  1732,	  1348,	  1331,	  1312,	  1157,	  1137,	  843	  cm-­‐1	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Mass	   spectrum	   (ESI,	   +ve	   ion	  mode)	  m/z	   933	   [(M	   +	   Na)+,	   100%],	   935(69),	   936	  (31).	  
HRESIMS	  Found:	  (M	  +	  H)+,	  911.4811.	  C50H71N4O8Si2	  requires	  (M	  +	  H)+,	  911.4810.	  
	  
	  
Tetra-­‐tert-­‐butyl	  5',5'''-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(5-­‐bromo-­‐1H,1'H-­‐
[2,2'-­‐bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [134]	  	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   133	   (300	   mg,	   0.33	   mmol)	   in	   dry	  dichloromethane	  (40	  mL)	  maintained	  at	  18	  °C	  under	  N2	  was	  treated	  with	  NBS	  (128	  mg,	   0.72	   mmol).	   The	   ensuing	   mixture	   was	   stirred	   for	   1	   h	   at	   18	   °C	   then	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	   hexane,	   9.7:0.3	  v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	   the	  appropriate	   fractions	  (Rf	   =	   0.3	   in	   9:1	   v/v	   hexane/ethyl	   acetate)	   afforded	   the	   title	  pyrrole	  134	   (61	  mg,	  20%)	  as	  a	  clear,	  light-­‐pink	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.19	  (s,	  2H),	  6.25	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.20	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.13	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.08	  (d,	  J	  =	  3.6	  Hz,	  2H),	  2.31	  (s,	  6H),	  1.32	  (s,	  18H),	  1.14	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.3	  (2	  ×	  C),	  148.5	  (2	  ×	  C),	  136.1	  (2	  ×	  C),	  134.9	  (2	  ×	  C),	  134.2	  (2	  ×	  C),	  131.6	  (2	  ×	  CH),	  129.7	  (2	  ×	  C),	  127.5	  (2	  ×	  C),	  116.0	  (2	  ×	  CH),	  115.4	  (2	  ×	  CH),	  114.8	  (2	  ×	  CH),	  112.8	  (2	  ×	  CH),	  102.2	  (2	  ×	  C),	  84.0	  (2	  ×	  C),	  83.0	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  27.4	  (6	  ×	  CH3),	  19.8	  (2	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  2934,	  1748,	  1369,	  1312,	  1154	  cm-­‐1.	  
Mass	  Spectrum	  (ESI,	  +ve	  ion	  mode)	  m/z	  949,	  947	  and	  945	  [(M	  +	  Na)+,	  57,	  100	  and	  59%,	  respectively].	  	  
HRESIMS	   Found:	   (M	   +	  Na)+,	   945.2053.	   C44H5279Br2N423NaO8	   requires	   (M	   +	  Na)+,	  945.2050.	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Tetra-­‐tert-­‐butyl	  5',5'''-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(5-­‐iodo-­‐1H,1'H-­‐[2,2'-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [135]	   	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   133	   (279	   mg,	   0.31	   mmol)	   in	  acetonitrile	  (12	  mL)	  maintained	  at	  18	  °C	  under	  N2	  was	  treated	  with	  NIS	  (275	  mg,	  1.22	  mmol).	  The	  ensuing	  mixture	  was	  stirred	  for	  19	  h	  at	  18	  °C	  then	  quenched	  with	  Na2S2O3	  (50	  mL	  of	  a	  20%	  w/v	  aqueous	  solution)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   50	   mL).	   The	   combined	   organic	   layers	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   9:1	   v/v	  hexane/ethyl	   acetate)	   afforded	   the	   title	   pyrrole	   135	   (77	   mg,	   25%)	   as	   a	   clear,	  yellow	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.18	  (s,	  2H),	  6.46	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.21	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.14	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.06	  (d,	  J	  =	  3.2	  Hz,	  2H),	  2.30	  (s,	  6H),	  1.33	  (s,	  18H),	  1.13	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.3	  (2	  ×	  C),	  148.8	  (2	  ×	  C),	  136.0	  (2	  ×	  C),	  134.2	  (2	  ×	  C),	  134.2	  (2	  ×	  C),	  131.6	  (2	  ×	  CH),	  131.5	  (2	  ×	  C),	  127.4	  (2	  ×	  C),	  124.3	  (2	  ×	  CH),	  117.6	  (2	  ×	  CH),	  114.4	  (2	  ×	  CH),	  112.8	  (2	  ×	  CH),	  84.2	  (2	  ×	  C),	  83.1	  (2	  ×	  C),	  27.8	  (6	  ×	  CH3),	  27.4	  (6	  ×	  CH3),	  19.8	  (2	  ×	  CH3)	  (two	  resonances	  obscured	  or	  overlapping).	  
IR	  νmax	  (KBr)	  2978,	  2924,	  1741,	  1317	  cm-­‐1.	  	  
Mass	  spectrum	  (ESI,	  +ve	  ion	  mode)	  m/z	  1041	  [(M	  +	  Na)+,	  100%].	  	  
HRESIMS	  Found:	  (M	  +	  Na)+,	  1041.1782.	  C44H52127I2N423NaO8	  requires	  (M	  +	  Na)+,	  1041.1772.	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Hexa-­‐tert-­‐butyl	  5,5'''-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(1H,1'H,1''H-­‐
[2,2':5',2''-­‐terpyrrole]-­‐1,1',1''-­‐tricarboxylate)	  [129]	  
	  
	  	  
Method	  A:	  A	  magnetically	  stirred	  solution	  of	  compound	  135	  (37	  mg	  0.04	  mmol)	  in	  1,4-­‐dioxane:H2O	  (12	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  26	  (19	  mg,	  0.09	  mmol)	  and	  K2CO3	  (89	  mg,	  0.11	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (2	   mg,	   0.002	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   40	   °C	   for	   20	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (20	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   40	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.2	   in	   9:1	   v/v	  hexane/ethyl	   acetate)	   afforded	   the	   title	   pyrrole	   129	   (12	   mg,	   29%)	   as	   a	   white,	  crystalline	  solid.	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Method	  B:	  A	  magnetically	  stirred	  solution	  of	  compound	  134	  (46	  mg	  0.05	  mmol)	  in	  1,4-­‐dioxane:H2O	   (8	  mL	   of	   a	   3:1	   v/v	  mixture)	  maintained	   under	  N2	   at	   18	   °C	  was	  treated	  sequentially	  with	  boronic	  acid	  26	  (26	  mg,	  0.12	  mmol)	  and	  K2CO3	  (21	  mg,	  0.15	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (2	   mg,	   0.002	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   40	   °C	   for	   17	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (20	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   40	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.2	   in	   9:1	   v/v	  hexane/ethyl	   acetate)	   afforded	   the	   title	   compound	   129	   (4	   mg,	   8%)	   as	   a	   white,	  crystalline	  solid.	   	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.61	  (dd,	  J	  =	  3.3	  and	  1.9	  Hz,	  2H),	  7.26	  (s,	  2H),	  6.33	  (d,	  J	  =	  3.3	  Hz,	  2H),	  6.27	  (d,	  J	  =	  3.3	  Hz,	  2H),	  6.18-­‐6.16	  (complex	  m,	  6H),	  6.07	  (t,	  J	  =	  3.3	  Hz,	  2H),	  2.39	  (s,	  6H),	  1.30	  (s,	  18H),	  1.27	  (s,	  18H),	  1.13	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.6	  (4	  ×	  C),	  149.5	  (2	  ×	  C),	  139.2	  (2	  ×	  C),	  135.3	  (2	  ×	  C),	  134.3	  (2	  ×	  C),	  131.5	  (2	  ×	  CH),	  129.2	  (4	  ×	  C),	  127.4	  (4	  ×	  C),	  122.1	  (2	  ×	  CH),	  115.9	  (2	  ×	  CH),	  114.5	  (2	  ×	  CH),	  114.0	  (4	  ×	  CH),	  112.9	  (2	  ×	  CH),	  110.7	  (2	  ×	  CH),	  83.4	  (2	  ×	  C),	  82.5	  (2	  ×	  C),	  82.6	  (2	  ×	  C),	  27.8	  (6	  ×	  CH3),	  27.7	  (6	  ×	  CH3),	  27.5	  (6	  ×	  CH3),	  19.7	  (2	  ×	  CH3).	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IR	  νmax	  (NaCl)	  2977,	  2932,	  1738,	  1312,	  1156	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  ion	  mode)	  m/z	  1120	  [(M	  +	  Na)+,	  100%].	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   1119.5414.	   C62H76N623NaO12	   requires	   (M	   +	   Na)+,	  1119.5419.	  
	  
	  
1,4-­‐Dibromo-­‐2,5-­‐dimethoxybenzene	  [136]	  
	  
	  	  Following	   a	   procedure	   established	   by	   McNeil	   et	   al.,109	   a	   magnetically	   stirred	  solution	   of	   1,4-­‐dimethoxybenzene	   (5.00	   g,	   36.0	   mmol)	   in	   chloroform	  (100	   mL)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated,	   in	  small	  portions,	  over	  0.5	  h,	  with	  Br2	  (3.6	  mL,	  90.0	  mmol).	  The	  ensuing	  mixture	  was	  stirred	  for	  5	  h	  at	  this	  temperature,	  quenched	  with	  Na2SO3	   (200	  mL	  of	   a	   10%	  w/v	   aqueous	   solution)	   then	   extracted	  with	  dichloromethane	  (2	  ×	  100	  mL).	  The	  combined	  organic	  phases	  were	  washed	  with	   brine	   (2	   ×	   100	  mL)	   before	   being	   dried	   (MgSO4),	   filtered	   and	   concentrated	  under	   reduced	   pressure	   to	   afford	   the	   title	   compound	  136109	   (10.4	   g,	   97%)	   as	   a	  white,	  crystalline	  solid.	  	  	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  7.10	  (s,	  2H),	  3.84	  (s,	  6H).	  	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.109	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2,5-­‐Dibromocyclohexa-­‐2,5-­‐diene-­‐1,4-­‐dione	  [138]	  
	  
	  	  Following	   a	   procedure	   established	   by	  Menéndez	   et	   al.,110	   a	   magnetically	   stirred	  solution	  of	  compound	  	  136	  (2.00	  g	  ,	  6.76	  mmol)	  in	  acetonitrile	  (20	  mL)	  maintained	  under	  N2	  at	  100	  °C	  was	  treated,	   in	  small	  portions,	  over	  0.16	  h,	  with	  a	  solution	  of	  ceric	   ammonium	   nitrate	   (10.0	   g,	   18.2	   mmol)	   in	   H2O	   (100	   mL).	   The	   resulting	  mixture	  was	  stirred	  for	  another	  1	  h	  at	  this	  temperature	  then	  cooled	  to	  18	  °C	  and	  filtered	   through	  sintered	  glass	   funnel	  and	  the	  residue	   thus	  obtained	  was	  washed	  with	  H2O	  (1	  ×	  7	  mL)	  before	  being	  dried	  (MgSO4),	  filtered	  and	  concentrated	  under	  reduced	   pressure	   to	   afford	   the	   title	   compound	   138111	   (1.59	   g,	   88%)	   as	   yellow	  crystals.	  	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  7.04	  (s,	  2H).	  	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.111	  	  	  
2,5-­‐Dibromo-­‐1,4-­‐phenylene	  bis(trifluoromethanesulfonate)	  [139]	  	  
	  	  The	   title	   compound	   was	   prepared	   from	   precursor	   2,5-­‐dibromobenzene-­‐1,4-­‐diol	  using	  procedures	  defined	  by	  Hassan	  et	  al.112	  Thus,	  a	  magnetically	  stirred	  solution	  of	  2,5-­‐dibromobenzene-­‐1,4-­‐diol	  (200	  mg,	  0.75	  mmol)	   in	  dichloromethane	  (2	  mL)	  maintained	   under	   N2	   was	   treated	   with	   pyridine	   (100	   μL,	   1.49	   mmol)	   and	   the	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  ensuing	  mixture	  was	  cooled	  to	  0	  °C	  and	  stirred	  at	  this	  temperature	  for	  0.17	  h	  then	  treated	   with	   trifluoromethanesulfonic	   anhydride	   (300	   μL,	   1.87	   mmol).	   The	  resulting	   solution	  was	   slowly	  warmed	   to	  18	   °C,	   kept	   at	   this	   temperature	   for	  6	  h	  then	  filtered	  and	  concentrated	  under	  reduced	  pressure.	  The	  residue	  thus	  obtained	  was	   subjected	   to	   flash	   column	   chromatography	   (silica,	   hexane	   elusion).	  Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   9:1	   v/v	   hexane/ethyl	  acetate)	   afforded	   the	   title	   compound	  139	   (340	  mg,	   85%)	   as	   a	  white,	   crystalline,	  m.p.	  =	  118-­‐119	  °C.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.70	  (s,	  2H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  146.3	  (2	  ×	  C),	  128.2	  (2	  ×	  CH),	  118.7	  (q,	  J	  =	  320	  Hz,	  2	  ×	  CF3),	  116.1	  (2	  ×	  C).	  
νmax	  (NaCl)	  3104,	  2932,	  1462,	  1428,	  1217,	  1140	  cm-­‐1.	  
Mass	   spectrum	   (EI,	   70eV)	   m/z	   534,	   532	   and	   530	   (M+!,	   58,	   100	   and	   50%,	  respectively).	  
HREIMS	  Found:	  M+!,	  529.7564.	  C8H279Br2F6O6S2	  requires	  M+!,	  529.7564.	  	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(2,5-­‐Dimethoxy-­‐1,4-­‐phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐
pyrrole-­‐1-­‐carboxylate)	  [144]	  	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,4-­‐dibromo-­‐2,5-­‐dimethoxybenzene	  (136)	  (500	  mg	  1.69	  mmol)	   in	  1,4-­‐dioxane:H2O	  (20	  mL	  of	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  75	  (1.55	  g,	  4.23	  mmol)	  and	  K2CO3	   (700	  mg,	  5.07	  mmol).	  The	  ensuing	  mixture	   flushed	  with	  N2	   for	  0.5	  h	   then	  Pd(dppf)Cl2!CH2Cl2	   (69	   mg,	   0.08	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   85	   °C	   for	   48	   h.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	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  (3	   ×	   70	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	  pretreated	  with	  5%	  Et3N	  in	  hexane,	  silica,	  3:1	  v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	   the	  appropriate	   fractions	  (Rf	   =	   0.4	   in	   5:1	   v/v	   hexane/dichloromethane)	   afforded	   the	   title	   compound	  144	  (220	  mg,	  21%)	  as	  a	  white,	  crystalline	  solid,	  no	  m.p.	  (decomposition	  above	  178	  °C).	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  6.81	  (s,	  2H),	  6.51	  (d,	  J	  =	  3.0	  Hz,	  2H),	  6.17	  (d,	  J	  =	  3.0	  Hz,	  2H),	  3.69	  (s,	  6H),	  1.24	  (s,	  18H),	  0.31	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  150.8	  (4	  ×	  C),	  136.9	  (2	  ×	  C),	  135.1	  (2	  ×	  C),	  124.7	  (2	  ×	  C),	  121.8	  (2	  ×	  CH),	  114.1	  (2	  ×	  CH),	  112.6	  (2	  ×	  CH),	  82.9	  (2	  ×	  C),	  56.2	  (2	  ×	  CH3),	  27.4	  (6	  ×	  CH3),	  0.0	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2979,	  2955,	  2900,	  1738,	  1345,	  1327,	  1144,	  841	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  612	  (M+!,	  83%),	  556	  (32),	  512	  (47),	  500	  (100).	  
HREIMS	  Found:	  M+!,	  612.3054.	  C32H48N2O6Si2	  requires	  M+!,	  612.3051.	  	  	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(2,5-­‐Dimethoxy-­‐1,4-­‐phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [145]	  
	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (212	  mg,	  0.66	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  144	  (185	  mg,	   0.30	   mmol)	   in	   THF	   (6	   mL)	   maintained	   under	   N2	   at	   −78	   °C.	   After	   1	   h	   the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  a	  further	   23	   h	   before	   being	   quenched	  with	  H2O	   (20	  mL)	   and	   extracted	  with	   ethyl	  acetate	  (3	  ×	  20	  mL).	  The	  combined	  organic	  phases	  were	  diluted	  with	  ethanol	  (10	  mL)	  then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	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  appropriate	   fractions	  (Rf	  =	  0.3	   in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  
compound	  145	  (116	  mg,	  62%)	  as	  a	  clear,	  colourless	  oil.	  	  	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  6.80	  (s,	  2H),	  6.37	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.13	  (d,	  J	  =	  3.6	  Hz,	  2H),	  3.29	  (s,	  6H),	  1.37	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  75	  MHz)	  δ	  150.4	  (2	  ×	  C),	  148.5	  (2	  ×	  C),	  133.0	  (2	  ×	  C),	  123.5	  (2	  ×	  C),	  115.0	  (2	  ×	  CH),	  113.3	  (2	  ×	  CH),	  112.4	  (2	  ×	  CH),	  101.7	  (2	  ×	  C),	  84.6	  (2	  ×	  C),	  56.1	  (2	  ×	  CH3),	  27.6	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2978,	  2934,	  2835,	  1755,	  1311,	  1146	  cm-­‐1.	  
Mass	   spectrum	   (EI,	   70eV)	   m/z	   628,	   626	   and	   624	   (M+!,	   52,	   100	   and	   50%,	  respectively).	  
HREIMS	  Found:	  M+!,	  624.0480.	  C26H3079Br2N2O6	  requires	  M+!,	  624.0471.	  	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(2,5-­‐Dimethoxy-­‐1,4-­‐phenylene)bis(2-­‐iodo-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [146]	   	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   144	   (133	   mg,	   0.22	   mmol)	   in	  acetonitrile	  (12	  mL)	  maintained	  at	  18	  °C	  under	  N2	  was	  treated	  with	  NIS	  (195	  mg,	  0.87	  mmol).	  The	  ensuing	  mixture	  was	   stirred	   for	  1.75	  h	  at	  18	   °C	   then	  quenched	  with	   H2O	   (30	   mL)	   before	   being	   extracted	   with	   ethyl	   acetate	   (3	   ×	   30	   mL).	   The	  combined	   organic	   layers	   were	   dried	   (MgSO4),	   filtered	   then	   concentrated	   under	  reduced	   pressure	   and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	  chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	  Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   9:1	   v/v	   hexane/ethyl	  acetate)	   afforded	   the	   title	   compound	  146	   (55	  mg,	   35%)	   as	   a	   brown,	   amorphous	  solid.	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1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  6.66	  (s,	  2H),	  6.52	  (d,	  J	  =	  3.6	  Hz,	  2H),	  6.06	  (d,	  J	  =	  3.6	  Hz,	  2H),	  3.17	  (s,	  6H),	  1.27	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.0	  (2	  ×	  C),	  149.0	  (2	  ×	  C),	  135.7	  (2	  ×	  C),	  124.4	  (2	  ×	  C),	  123.5	  (2	  ×	  CH),	  115.4	  (2	  ×	  CH),	  112.9	  (2	  ×	  CH),	  83.9	  (2	  ×	  C),	  65.9	  (2	  ×	  C),	  55.6	  (2	  ×	  CH3),	  27.5	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2978,	  2933,	  2848,	  1752,	  1309,	  1155	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  720	  (M+!,	  100%).	  
HREIMS	  Found:	  M+!,	  720.0195	  C26H30127I2N2O6	  requires	  M+!,	  720.0193.	  	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(2,5-­‐Dimethoxy-­‐1,4-­‐phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐
pyrrole-­‐1-­‐carboxylate)	  [148]	  
	  
	  	  A	   magnetically	   stirred	   solution	   of	   1,4-­‐dibromo-­‐2,5-­‐dimethoxybenzene	  137	   (300	  mg	  1.28	  mmol)	   in	  1,4-­‐dioxane:H2O	  (20	  mL	  of	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  ester	  75	  (1.03	  g,	  2.80	  mmol)	  and	  K2CO3	  (468	  mg,	  3.38	  mmol).	  The	  ensuing	  mixture	  was	  flushed	  with	  N2	  for	  0.5	  h	  then	   Pd(dppf)Cl2!CH2Cl2	   (46	  mg,	   0.06	  mmol)	  was	   added.	   The	   resulting	   solution	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	  N2	  before	  the	  reaction	  mixture	  was	  stirred	  at	  85	  °C	  for	  3	  d.	  The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   70	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	  pretreated	  with	  5%	  Et3N	  in	  hexane,	  silica,	  3:1	  v/v	  hexane/dichloromethane	  elution).	  Concentration	  of	   the	  appropriate	   fractions	  (Rf	   =	   0.4	   in	   5:1	   v/v	   hexane/dichloromethane)	   afforded	   the	   title	   compound	  148	  (410	  mg,	  63%)	  as	  a	  clear,	  colourless	  oil.	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1H	  NMR	  (C6D6,	  300	  MHz)	  δ	  7.16-­‐7.09	  (complex	  m,	  2H),	  7.73	  (d,	  J	  =	  8.4	  Hz,	  1H),	  6.39	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.35	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.07	  (d,	  J	  =	  3.3	  Hz,	  1H),	  6.03	  (d,	  J	  =	  3.3	  Hz,	  1H),	  3.67	  (s,	  3H),	  1.16	  (s,	  9H),	  1.09	  (s,	  9H),	  0.20	  (s,	  18H).	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  582	  (M+!,	  12%),	  382	  (94),	  57	  (100).	  
HREIMS	  Found:	  M+!,	  582.2949.	  C31H46N2O5Si2	  requires	  M+!,	  582.2945.	  	  	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(2-­‐Nitro-­‐1,4-­‐phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐
1-­‐carboxylate)	  [151]	   	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,4-­‐dibromo-­‐2-­‐nitrobenzene	  (140)	  (500	  mg	  1.78	  mmol)	  in	  1,4-­‐dioxane:H2O	  (8	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	   treated	   sequentially	  with	   boronic	   acid	   ester	  75	   (1.63	   g,	   4.45	  mmol)	   and	  K2CO3	  (0.72	  g,	  5.34	  mmol).	  The	  ensuing	  mixture	  was	  flushed	  with	  N2	  for	  0.5	  h	  then	  Pd(dppf)Cl2!CH2Cl2	   (73	   mg,	   0.09	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   80	   °C	   for	   48	   h.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   100	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.5	   in	   9:1	   v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  151	  (734	  mg,	  69%)	  as	  a	  clear,	  yellow	  oil.	  	  
1H	  NMR	   (CDCl3,	  400	  MHz)	  δ	  8.06	  (d,	   J	  =	  1.8	  Hz,	  1H),	  7.56	  (dd,	   J	  =	  7.8	  and	  1.8	  Hz,	  1H),	  7.41	  (d,	  J	  =	  7.8	  Hz,	  1H),	  6.51	  (t,	  J	  =	  3.2	  Hz,	  2H),	  6.28	  (d,	  J	  =	  3.2	  Hz,	  1H),	  6.15	  (d,	  J	  
=	  3.2	  Hz,	  1H),	  1.30	  (s,	  9H),	  1.20	  (s,	  9H),	  0.32(5)	  (s,	  9H),	  0.32(1)	  (s,	  9H).	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13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  151.4	  (C),	  149.9	  (C),	  147.7	  (C),	  139.2	  (C),	  138.3	  (C),	  136.2	  (C),	  135.9	  (C),	  132.8	  (C),	  132.7	  (CH),	  131.8	  (CH),	  129.8	  (C),	  124.6	  (CH),	  122.5	  (CH),	  122.4	  (CH),	  116.0	  (CH),	  115.3	  (CH),	  84.6	  (C),	  84.1	  (C),	  27.6	  (3	  ×	  CH3),	  27.4	  (3	  ×	  CH3),	  0.1	  (3	  ×	  CH3),	  0.0	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  2900,	  1740,	  1335,	  1315,	  1153,	  844	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  597	  (M+!,	  100%),	  541	  (45).	  
HREIMS	  Found:	  M+!,	  597.2690.	  C30H43N3O6Si2	  requires	  M+!,	  597.2690.	  
	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(2-­‐Nitro-­‐1,4-­‐phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [152]	  	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (694	  mg,	  2.17	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  151	  (590	  mg,	   0.99	   mmol)	   in	   THF	   (30	   mL)	   maintained	   under	   N2	   at	   −78	   °C.	   After	   1	   h	   the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  18	  h	  before	  being	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  50	  mL).	   The	   combined	   organic	   phases	   were	   diluted	   with	   ethanol	   (25	  mL)	   then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	  appropriate	   fractions	  (Rf	  =	  0.4	   in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  
pyrrole	  152	  (0.48	  g,	  80%)	  as	  a	  clear,	  yellow	  oil.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  8.02	  (s,	  1H),	  7.56	  (dd,	  J	  =	  1.6	  and	  8.0	  Hz,	  1H),	  7.41	  (d,	  J	  
=	  8.0	  Hz,	  1H),	  6.37	  (dd,	  J	  =	  3.6	  and	  6.8	  Hz,	  2H),	  6.31	  (d,	  J	  =	  3.6	  Hz,	  1H),	  6.14	  (d,	  J	  =	  3.6	  Hz,	  1H),	  1.47	  (s,	  9H),	  0.37	  (s,	  9H).	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13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  148.4	  (C),	  147.7	  (C),	  134.8	  (C),	  133.9	  (C),	  132.5	  (CH),	  131.8	   (CH),	  131.6	   (C),	  128.7	   (C),	  123.8	   (CH),	  116.4	   (CH),	  115.7	   (CH),	  114.6	   (CH),	  114.4	  (CH),	  104.1	  (C),	  102.9	  (C),	  86.4	  (C),	  85.6	  (C),	  27.7	  (6	  ×	  CH3)	  (one	  resonance	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2981,	  1754,	  1529,	  1298,	  1158,	  845,	  785	  cm-­‐1.	  
Mass	   spectrum	   MS	   (EI,	   70eV)	   m/z	   613,	   611	   and	   609	   (M+!,	   23,	   54	   and	   25%,	  respectively),	  513,	  511	  and	  509	  (50,	  100	  and	  52,	  respectively).	  
HREIMS	  Found:	  M+!,	  609.0109.	  C24H2579Br2N3O6	  requires	  M+!,	  609.0110.	  	  
	  
	  
Tetra-­‐tert-­‐Butyl	  5',5'''-­‐(2-­‐Nitro-­‐1,4-­‐phenylene)bis(5-­‐(trimethylsilyl)-­‐1H,1'H-­‐
[2,2'-­‐bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [153]	  
	  
	  
	  A	   magnetically	   stirred	   solution	   of	   compound	   152	   (330	   mg	   0.51	   mmol)	   in	   1,4-­‐dioxane:H2O	   (12	   mL	   of	   a	   3:1	   v/v	   mixture)	   maintained	   under	   N2	   at	   18	   °C	   was	  treated	   sequentially	  with	  boronic	   acid	   ester	  75	   (500	  mg,	   1.36	  mmol)	   and	  K2CO3	  (230	  mg,	   1.63	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (22	   mg,	   0.03	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   40	   °C	   for	   8	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   60	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.6	   in	   9:1	   v/v	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  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  153	  (140	  mg,	  28%)	  as	  a	  clear,	  yellow	  oil.	  	  
1H	  NMR	   (CDCl3,	  400	  MHz)	  δ	  8.09	  (d,	   J	  =	  1.9	  Hz,	  1H),	  7.56	  (dd,	   J	  =	  1.9	  and	  8.0	  Hz,	  1H),	  7.40	  (d,	  J	  =	  8.0	  Hz,	  1H),	  6.48	  (dd,	  J	  =	  3.2	  and	  4.0	  Hz,	  2H),	  6.37	  (d,	  J	  =	  3.4	  Hz,	  1H),	  6.33	  (d,	  J	  =	  3.2	  Hz,	  1H),	  6.29	  (d,	  J	  =	  3.2	  Hz,	  1H),	  6.26	  (d,	  J	  =	  3.4	  Hz,	  1H),	  6.24-­‐6.22	  (complex	  m,	  2H),	  1.34	  (s,	  9H),	  1.33	  (s,	  9H),	  1.25	  (s,	  9H),	  1.18	  (s,	  9H),	  0.30	  (s,	  9H),	  0.29	  (s,	  9H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  150.4	  (C),	  150.3	  (C),	  149.8	  (C),	  149.5	  (C),	  147.3	  (C),	  137.4	  (C),	  137.0	  (C),	  134.7	  (C),	  133.7	  (C),	  132.4	  (CH),	  132.0	  (CH),	  131.7	  (C),	  130.2	  (C),	  129.9	  (C),	  129.6	  (C),	  129.0	  (C),	  128.6	  (C),	  124.5	  (CH),	  122.5	  (CH),	  122.3	  (CH),	  116.9	  (CH),	  116.7	  (CH),	  114.3	  (CH),	  114.1	  (2	  ×	  CH),	  114.0	  (CH),	  84.2	  (C),	  83.7	  (C),	  83.6	  (2	  ×	  C),	  27.8	  (6	  ×	  CH3),	  27.6	  (3	  ×	  CH3),	  27.5	  (3	  ×	  CH3),	  0.2	  (3	  ×	  CH3),	  0.1	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2978,	  1733,	  1336,	  1309,	  1154,	  1139,	  841	  cm-­‐1.	  
Mass	   spectrum	   (ESI,	   +ve	   ion	  mode)	  m/z	  950	   [(M	  +	  Na)+,	   100%],	  935	   (26),	  879	  (19).	  
HRESIMS	  Found:	  (M	  +	  Na)+,	  950.4154.	  C48H65N523NaO10Si2	  requires	  (M	  +	  Na)+,	  950.4168.	  	  	  	  
5,5'-­‐(4,6-­‐Dinitro-­‐1,3-­‐phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole)	  [154]	  
	  
	  	  A	  magnetically	   stirred	   solution	   of	   1,5-­‐dibromo-­‐2,4-­‐dinitrobenzene	  141	   (200	  mg	  0.61	  mmol)	  in	  1,4-­‐dioxane:H2O	  (16	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  ester	  75	  (560	  mg,	  1.53	  mmol)	  and	  K2CO3	  (254	  mg,	  1.84	  mmol).	  The	  ensuing	  mixture	  was	  flushed	  with	  N2	  for	  0.5	  h	  then	  Pd(dppf)Cl2!CH2Cl2	   (25	  mg,	  0.031	  mmol)	  was	  added.	  The	  resulting	  solution	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  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	  N2	  before	  the	  reaction	  mixture	  was	  stirred	  at	  80	  °C	  for	  3	  d.	  The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (100	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   100	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   9:1	   v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  154	  (171	  mg,	  63%)	  as	  a	  clear,	  red	  oil.	  	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  9.33	  (s,	  2H),	  8.39	  (s,	  1H),	  7.90	  (s,	  1H),	  6.71	  (dd,	  J	  =	  2.4	  and	  3.6	  Hz,	  2H),	  6.54	  (dd,	  J	  =	  2.4	  and	  3.6	  Hz,	  2H),	  0.33	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  75	  MHz)	  δ	  143.3	  (2	  ×	  C),	  137.4	  (2	  ×	  C),	  132.5	  (2	  ×	  C),	  131.0	  (CH),	  128.6	  (CH),	  123.9	  (2	  ×	  C),	  119.4	  (2	  ×	  CH),	  115.0	  (2	  ×	  CH),	  0.9	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  3431,	  2956,	  1744,	  1599,	  1533,	  1336,	  1252,	  1165,	  841	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  442	  (M+!,	  45%),	  427	  (14),	  206	  (22),	  73	  (100).	  
HREIMS	  Found:	  M+!,	  442.1478.	  C20H26N4O4Si2	  requires	  M+!,	  442.1493.	  	  	  
5,5'-­‐(4,6-­‐Dinitro-­‐1,3-­‐phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole)	  [155]	  	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (156	  mg,	  0.49	  mmol)	  was	  added,	   in	  small	  portions,	   to	  a	  magnetically	  stirred	  solution	  of	  compound	  154	   (97	  mg,	   0.22	   mmol)	   in	   THF	   (30	   mL)	   maintained	   under	   N2	   at	   −78	   °C.	   After	   1	   h	   the	  reaction	   mixture	   was	   slowly	   warmed	   to	   18	   °C,	   kept	   at	   this	   temperature	   for	   a	  further	  18	  h	  then	  quenched	  with	  H2O	  (40	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  50	  mL).	   The	   combined	   organic	   phases	   were	   diluted	   with	   ethanol	   (25	  mL)	   then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	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  and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	  appropriate	   fractions	  (Rf	  =	  0.3	   in	  5:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  
compound	  155	  (55	  mg,	  51%)	  as	  a	  clear,	  red	  oil.	  	  
1H	  NMR	  (CD3OD,	  400	  MHz)	  δ	  8.38	  (s,	  1H),	  7.78	  (s,	  1H),	  6.42	  (d,	  J	  =	  3.8	  Hz,	  2H),	  6.21	  (d,	  J	  =	  3.8	  Hz,	  2H)	  (signals	  due	  to	  NH	  protons	  not	  observed)	  
13C	  NMR	  (CD3OD,	  100	  MHz)	  δ	  145.2	  (2	  ×	  C),	  131.8	  (CH),	  131.0	  (2	  ×	  C),	  127.2	  (2	  ×	  C),	  122.7	  (CH),	  113.8	  (2	  ×	  CH),	  113.2	  (2	  ×	  CH),	  104.3	  (2	  ×	  C).	  
IR	  νmax	  (NaCl)	  3368,	  2932,	  1597,	  1459,	  1334	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  458,	  456	  and	  454	  (M+!,	  15,	  31	  and	  15%,	  respectively),	  57	  (100).	  
HREIMS	  Found:	  M+!,	  453.8930.	  C14H879Br2N4O4	  requires	  M+!,	  453.8912.	  	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(Naphthalene-­‐2,6-­‐diyl)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [157]	  	  
	  	  A	   magnetically	   stirred	   solution	   of	   2,6-­‐dibromonaphthalene	   (142)	   (200	  mg	   0.70	  mmol)	  in	  1,4-­‐dioxane:H2O	  (8	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  ester	  75	   (640	  mg,	  1.75	  mmol)	  and	  K2CO3	  (290	  mg,	  2.10	  mmol).	  The	  ensuing	  mixture	  was	  flushed	  with	  N2	  for	  1	  h	  then	  Pd(dppf)Cl2!CH2Cl2	   (29	   mg,	   0.04	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   80	   °C	   for	   27	   h.	   The	   ensuing	  mixture	  was	  cooled,	  diluted	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	   70	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	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  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.4	   in	   9:1	   v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  157	  (290	  mg,	  69%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  205-­‐208	  °C.	  
	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.80	  (s,	  1H),	  7.78	  (s,	  2H),	  7.48-­‐7.45	  (complex	  m,	  3H),	  6.53	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.34	  (d,	  J	  =	  3.2	  Hz,	  2H),	  1.13	  (s,	  18H),	  0.34	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  151.0	  (2	  ×	  C),	  138.8	  (2	  ×	  C),	  137.8	  (2	  ×	  C),	  133.0	  (2	  ×	  C),	  132.0	  (2	  ×	  C),	  128.1	  (2	  ×	  CH),	  126.9	  (2	  ×	  CH),	  126.7	  (2	  ×	  CH),	  122.3	  (2	  ×	  CH),	  115.0	  (2	  ×	  CH),	  83.5	  (2	  ×	  C),	  27.4	  (6	  ×	  CH3),	  0.0	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1737,	  1333,	  843	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  602	  (M+!,	  36%),	  546	  (9),	  490	  (100),	  446	  (53),	  402	  (84).	  
HREIMS	  Found:	  M+!,	  602.2996.	  C34H46N2O4Si2	  requires	  M+!,	  602.2996.	  	  	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(Naphthalene-­‐2,6-­‐diyl)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [158]	  	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (206	  mg,	  0.64	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  157	  (180	  mg,	   0.29	   mmol)	   in	   THF	   (5	   mL)	   maintained	   under	   N2	   at	   −78	   °C.	   After	   1	   h	   the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C	  then	  kept	  at	  this	  temperature	  for	  20	  h	  before	  being	  quenched	  with	  H2O	  (15	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  20	  mL).	   The	   combined	   organic	   phases	   were	   diluted	   with	   ethanol	   (20	  mL)	   then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	  pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	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  appropriate	   fractions	  (Rf	  =	  0.4	   in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	   title	  
compound	  158	  (125	  mg,	  68%)	  as	  a	  white,	  amorphous	  solid.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.56	  (s,	  1H),	  7.78	  (s,	  1H),	  7.44	  (d,	  J	  =	  2.0	  Hz,	  2H),	  7.42	  (d,	  J	  =	  2.0	  Hz,	  1H),	  7.25	  (d,	  J	  =	  2.0	  Hz,	  1H),	  6.25	  (d,	  J	  =	  3.4	  Hz,	  2H),	  6.08	  (d,	  J	  =	  3.4	  Hz,	  2H),	  1.03	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  148.8	  (2	  ×	  C),	  137.0	  (2	  ×	  C),	  132.5	  (2	  ×	  C),	  132.2	  (2	  ×	  C),	  127.7	  (2	  ×	  CH),	  127.5	  (2	  ×	  CH),	  126.7	  (2	  ×	  CH),	  115.5	  (2	  ×	  CH),	  113.5	  (2	  ×	  CH),	  103.0	  (2	  ×	  C),	  84.4	  (2	  ×	  C),	  27.2	  (6	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1754,	  1294,	  1156,	  782	  cm-­‐1.	  
Mass	   spectrum	   (EI,	   70eV)	   m/z	   618,	   616	   and	   614	   (M+!,	   28,	   59	   and	   25%,	  respectively),	   538	   and	   536	   (54	   and	   53),	   518,	   516	   and	   514	   (48,	   100	   and	   47,	  respectively),	  496	  and	  494	  (57	  and	  60).	  
HREIMS	  Found:	  M+!,	  614.0414.	  C28H2879Br2N2O4	  requires	  M+!,	  614.0416.	  	  
	  
Di-­‐tert-­‐butyl	  5-­‐(6-­‐(1-­‐(tert-­‐Butoxycarbonyl)-­‐5-­‐(4-­‐(trimethylsilyl)cyclopenta-­‐
1,3-­‐dien-­‐1-­‐yl)-­‐1H-­‐pyrrol-­‐2-­‐yl)naphthalen-­‐2-­‐yl)-­‐5'-­‐(trimethylsilyl)-­‐1H,1'H-­‐
[2,2'-­‐bipyrrole]-­‐1,1'-­‐dicarboxylate	  [159]	  
	  
	  	  A	  magnetically	   stirred	   solution	   of	   naphthalene	  158	   (128	  mg	  0.21	  mmol)	   in	   1,4-­‐dioxane:H2O	  (4	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	  ester	  75	  (190	  mg,	  0.52	  mmol)	  and	  K2CO3	  (220	  mg,	  0.62	   mmol).	   The	   resulting	   mixture	   was	   flushed	   with	   N2	   for	   1	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (9	   mg,	   0.01	   mmol)	   was	   added.	   The	   resulting	   solution	   was	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  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   40	   °C	   for	   6	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (20	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   20	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.6	   in	   9:1	   v/v	  hexane/ethyl	   acetate)	   afforded	   the	   title	   compound	   159	   (8	   mg,	   4%)	   as	   a	   white,	  crystalline	  solid.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.83	  (s,	  2H),	  7.66	  (s,	  1H),	  7.64	  (s,	  1H),	  7.53	  (d,	  J	  =	  1.2	  Hz,	  1H),	  7.51	  (d,	  J	  =	  1.2	  Hz,	  1H),	  6.57	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.39	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.27	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.21	  (d,	  J	  =	  3.2	  Hz,	  2H),	  1.32	  (s,	  18H),	  1.16	  (s,	  18H),	  0.52	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.1	  (2	  ×	  C),	  149.8	  (2	  ×	  C),	  137.2	  (2	  ×	  C),	  137.1	  (2	  ×	  C),	  132.9	  (2	  ×	  C),	  132.4	  (2	  ×	  C),	  130.8	  (2	  ×	  C),	  129.2	  (2	  ×	  C),	  127.6	  	  (2	  ×	  CH),	  127.0	  	  (2	  ×	  CH),	  123.0	  (2	  ×	  CH),	  117.2	  	  (2	  ×	  CH),	  114.2	  	  (2	  ×	  CH),	  113.2	  	  (2	  ×	  CH),	  83.6	  (2	  ×	  C),	   83.0	   	   (2	   ×	   C),	   27.6	   (6	   ×	   CH3),	   27.5	   (6	   ×	   CH3),	   0.4	   (6	   ×	   CH3)	   (two	   resonances	  obscured	  or	  overlapping).	  
IR	  νmax	  (NaCl)	  2926,	  1747,	  1732,	  1334,	  1309,	  1156,	  843	  cm-­‐1.	  
Mass	   spectrum	   (ESI,	   +ve	   ion	  mode)	  m/z	   955	   [(M	  +	  Na)+,	   100%],	  956	   (68),	   957	  (30).	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   955.4485.	   C52H68N423NaO8Si2	   requires	   (M	   +	   Na)+,	  955.4473.	  	  	  
tert-­‐butyl	  2-­‐Phenyl-­‐5-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [160]	  	  
	  	  A	  magnetically	  stirred	  solution	  of	  bromobenzene	  143	  (500	  mg	  3.18	  mmol)	  in	  1,4-­‐dioxane:H2O	   (8	  mL	   of	   a	   3:1	  mixture)	  maintained	   under	  N2	   at	   18	   °C	  was	   treated	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  sequentially	  with	   	  boronic	  acid	  ester	  75	   (1.75	  g,	  4.78	  mmol)	  and	  K2CO3	  (660	  mg,	  4.78	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (130	  mg,	  0.16	  mmol)	  was	   added.	  The	   resulting	   solution	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   80	   °C	   for	   26	   h.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   50	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.4	   in	   5:1	   v/v	  hexane/dichloromethane)	   afforded	   the	   title	  compound	  160	   (1.00	   g,	   quantitative)	  as	  a	  light-­‐yellow	  oil.	  	  
1H	  NMR	   (CDCl3,	  400	  MHz)	  δ	  7.36-­‐7.28	   (complex	  m,	  5H),	  6.47	   (d,	   J	  =	  3.2	  Hz,	  1H),	  6.22	  (d,	  J	  =	  3.2	  Hz,	  1H),	  1.19	  (s,	  9H),	  0.31	  (s,	  9H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  151.0	  (C),	  139.0	  (C),	  137.2	  (C),	  135.6	  (C),	  129.0	  (2	  ×	  CH),	  127.7	  (2	  ×	  CH),	  127.0	  (CH),	  122.1	  (CH),	  114.4	  (CH),	  83.4	  (C),	  27.4	  (3	  ×	  CH3),	  0.0	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2980,	  1734,	  1335,	  843	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  315	  (M+!,	  26%),	  259	  (56),	  244	  (100),	  215	  (46).	  
HREIMS	  Found:	  M+!,	  315.1653.	  C18H25NO2Si	  requires	  M+!,	  315.1655.	  	  	  	  
tert-­‐Butyl	  2-­‐Bromo-­‐5-­‐phenyl-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [161]	  
	  
	  	  Freshly	  prepared	  pyridinium	  hydrobromide	  perbromide	  (1.12	  g,	  3.49	  mmol)	  was	  added,	  in	  small	  portions,	  to	  a	  magnetically	  stirred	  solution	  of	  compound	  160	  (1.00	  g,	  3.17	  mmol)	  in	  THF	  (30	  mL)	  maintained	  under	  N2	  at	  −78	  °C.	  After	  1	  h	  the	  reaction	  mixture	  was	  slowly	  warmed	  to	  18	  °C,	  kept	  at	  this	  temperature	  for	  a	  further	  22	  h	  then	  quenched	  with	  H2O	  (70	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  70	  mL).	  The	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  combined	  organic	  phases	  were	  diluted	  with	  ethanol	   (35	  mL)	   then	  dried	  (MgSO4)	  and	  filtered.	  The	  filtrate	  was	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	  pretreated	  with	  5%	  Et3N	   in	  hexane,	  hexane	  elution).	  Concentration	  of	   the	  appropriate	   fractions	   (Rf	   =	  0.5	   in	   9:1	   v/v	   hexane/ethyl	   acetate)	   afforded	   the	   title	   pyrrole	   16187	   (480	   mg,	  47%)	  as	  a	  pink	  oil.	  	  
1H	  NMR	   (CDCl3,	  300	  MHz)	  δ	  7.37-­‐7.27	   (complex	  m,	  5H),	  6.30	   (d,	   J	  =	  3.6	  Hz,	  1H),	  6.17	  (d,	  J	  =	  3.2	  Hz,	  1H),	  1.31	  (s,	  9H).	  	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.87	  	  	  
2-­‐Phenyl-­‐1H-­‐Pyrrole	  [162]	   	  
	  	  A	   magnetically	   stirred	   solution	   of	   compound	   161	   (178	   mg,	   0.55	   mmol)	   in	   1,4-­‐dioxane:H2O	   (8	  mL	   of	   a	   3:1	  mixture)	  maintained	   under	  N2	   at	   18	   °C	  was	   treated	  sequentially	  with	  boronic	  acid	  ester	  75	  (303	  mg,	  0.83	  mmol)	  and	  K2CO3	  (229	  mg,	  1.66	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (23	   mg,	   0.03	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   80	   °C	   for	   4	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (30	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   50	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.2	   in	   9:1	   v/v	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  hexane/ethyl	   acetate)	   afforded	   the	   title	   compound	   16288,89	   (52	   mg,	   65%)	   as	   a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (CDCl3,	  300	  MHz)	  δ	  8.43	  (br	  s,	  1H),	  7.50-­‐7.49	  (complex	  m,	  2H),	  7.40-­‐7.35	  (complex	  m,	  2H),	  7.26-­‐7.20	  (complex	  m,	  1H),	  6.88-­‐6.86	  (complex	  m,	  1H),	  6.55-­‐6.53	  (complex	  m,	  1H),	  6.33-­‐6.31	  (complex,	  1H).	  	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.88,89	  	  	  
tert-­‐Butyl	  2,5-­‐bis(Trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [166]	  
	  
	  
	  Following	   a	   procedure	   established	   by	   Le	   Bideau	   et	   al.,90	   a	   magnetically	   stirred	  solution	  of	   	  2,2,6,6-­‐tetramethylpiperidine	  (5.4	  mL,	  31.7	  mmol)	   in	  anhydrous	  THF	  (60	  mL)	  maintained	  under	  N2	  at	  −78	  °C	  was	  treated,	  dropwise	  over	  0.5	  h,	  with	  n-­‐BuLi	  (20	  mL	  of	  1.6	  M	  solution	   in	  hexane,	  31.7	  mmol).	  The	  resulting	  mixture	  was	  stirred	   for	  0.5	  h	  at	  −78	  °C	  before	  being	   treated,	  dropwise	  over	  0.5	  h,	  with	  N-­‐Boc	  pyrrole	   (87)	   (2.00	   g,	   12.0	   mmol)	   in	   THF	   (60	   mL).	   The	   resulting	   solution	   was	  stirred	  at	  −78	  °C	  for	  0.5	  h	  then	  TMSCl	  (4	  mL,	  31.7	  mmol)	  was	  slowly	  added.	  The	  ensuing	  mixture	  was	   then	   slowly	  warmed	   to	   18	   °C	   over	   2	   h	   and	  quenched	  with	  H2O	   (200	   mL)	   then	   extracted	   with	   Et2O	   (3	   ×	   150	   mL).	   The	   combined	   organic	  phases	  were	  dried	  (MgSO4),	  filtered	  and	  concentrated	  under	  reduced	  pressure	  and	  the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	   chromatography	   (silica,	  pentane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.4)	  afforded	  the	  title	  compound	  16690	  (3.54	  g,	  95%)	  as	  a	  white,	  crystalline	  solid.	   	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  6.50	  (s,	  2H),	  1.66	  (s,	  9H),	  0.29	  (s,	  18H).	  	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  151.6	  (C),	  140.2	  (2	  ×	  C),	  124.1	  (2	  ×	  CH),	  85.4	  (C),	  28.5	  (3	  ×	  CH3),	  0.7	  (6	  ×	  CH3).	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IR	  νmax	  (KBr)	  1723,	  1343,	  836	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  311	  (M+!,	  59%),	  255	  (100).	  
HREIMS	  Found:	  M+!,	  311.1735.	  C15H29NO2Si2	  requires	  M+!,	  311.1737.	  	  
	  These	  data	  matched	  those	  reported	  in	  the	  literature.90	  
	  
	  
tert-­‐Butyl	  2,4-­‐bis(Trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [167]	  
	  
	  
	  Following	   a	   procedure	   established	   by	   Le	   Bideau	   et	   al.,90	   a	   magnetically	   stirred	  solution	  of	  compound	  166	  (312	  mg,	  1.00	  mmol)	  in	  chloroform	  (10	  mL)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  with	  HCl	  (18	  μL	  of	  a	  37%	  w/v	  aqueous	  solution)	  in	  chloroform	  (15	  mL).	  The	  resulting	  mixture	  was	  stirred	  for	  0.08	  h	  then	  diluted	  with	  Et2O	  (100	  mL)	  and	  quenched	  with	  H2O	  (50	  mL)	  before	  being	  extracted	  with	  Et2O	  (3	   ×	   25	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (silica,	   pentane	   elution). Concentration	   of	   the	  appropriate	  fractions	  (Rf	  =	  0.3)	  afforded	  the	  title	  compound	  16790	  (269	  mg,	  86%)	  as	  a	  white,	  crystalline	  solid.	   	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.36	  (d,	  J	  =	  1.6	  Hz,	  1H),	  6.47	  (d,	  J	  =	  1.6	  Hz,	  1H),	  1.60	  (s,	  9H),	  0.27	  (s,	  9H),	  0.22	  (s,	  9H).	  	  
	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.90	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tert-­‐Butyl	  4-­‐Bromo-­‐2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [168]	  and	  
tert-­‐Butyl	  2-­‐Bromo-­‐4-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [169]	  
	  
	  
	  Following	   a	   procedure	   established	   by	   Wong	   et	   al.,113	   a	   magnetically	   stirred	  solution	  of	  compound	  167	  (2.32	  g,	  7.47	  mmol)	  in	  THF	  (100	  mL)	  maintained	  under	  N2	   at	   −10	   °C	  was	   treated,	   in	   small	   portions,	   over	   0.17	   h	  with	   NBS	   (1.46	   g,	   8.21	  mmol).	   The	   resulting	  mixture	  was	   stirred	   for	   2	   h	   at	   −10	   °C	   then	   quenched	  with	  Na2S2O3	  (160	  mL	  of	  a	  50%	  w/v	  aqueous	  solution)	  and	  Et2O	  (300	  mL).	  The	  ethereal	  layer	   was	   separated	   and	   washed	   with	   H2O	   (3	   ×	   100	   mL)	   then	   dried	   (Na2SO4),	  filtered	  and	  concentrated	  under	  reduced	  pressure.	  The	  residue	  thus	  obtained	  was	  subjected	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	  hexane	  elution)	  to	  afford	  two	  fractions	  A	  and	  B.	  	  Concentration	  of	  fraction	  A	  (Rf	  =	  0.3)	  gave	  compound	  168	  (1.05	  g,	  44%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.36	  (d,	  J	  =	  1.6	  Hz,	  1H),	  6.40	  (d,	  J	  =	  1.6	  Hz,	  1H),	  1.55	  (s,	  9H),	  0.26	  (s,	  9H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  148.8	  (C),	  136.5	  (C),	  125.4	  (CH),	  123.9	  (CH),	  100.6	  (C),	  84.2	  (C),	  28.1	  (3	  ×	  CH3),	  −0.4	  (3	  ×	  CH3).	  
IR	  νmax	  (neat)	  2969,	  1748,	  1312,	  1156,	  844	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  319	  and	  317	  (M+!,	  98	  and	  100%,	  respectively).	  
HREIMS	  Found:	  M+!,	  319.0427.	  C12H2081BrNO2Si	  requires	  M+!,	  319.0426.	  	  Concentration	   of	   fraction	  B	   (Rf	   =	   0.1)	   gave	   compound	  169	   (530	  mg,	   25%)	   as	   a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.29	  (d,	  J	  =	  2.0	  Hz,	  1H),	  6.30	  (dd,	  J	  =	  2.0	  Hz,	  1H),	  1.61	  (s,	  9H),	  0.19	  (s,	  9H).	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13C	  NMR	   (CDCl3,	  100	  MHz)	  δ	  148.1	   (C),	  128.0	   (CH),	  122.1	   (C),	  121.2	   (CH),	  101.4	  (C),	  84.9	  (C),	  28.1	  (3	  ×	  CH3),	  −0.8	  (3	  ×	  CH3).	  
IR	  νmax	  (NaCl)	  2956,	  1760,	  1313,	  1155,	  839	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  319	  and	  317	  (M+!,	  100	  and	  97%,	  respectively).	  	  	  
HREIMS	  Found:	  M+!,	  319.0421.	  C12H2081BrNO2Si	  requires	  M+!,	  319.0426	  	  
	  
tert-­‐Butyl	  2-­‐(Trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [171]	  
	  
	  
	  Following	  a	  procedure	  established	  by	  Gaunt	  et	  al.,92	  a	  magnetically	  stirred	  solution	  of	   freshly	   distilled	   diisopropylamine	   (4.7	   mL,	   33.0	   mmol)	   in	   THF	   (50	   mL)	  maintained	  under	  N2	  at	  −78	  °C	  was	  treated,	  dropwise	  over	  0.5	  h,	  with	  n-­‐BuLi	  (23.7	  mL	  of	  a	  1.39	  M	  solution	  in	  hexane,	  33.0	  mmol).	  The	  ensuing	  mixture	  was	  warmed	  to	  0	  °C	  and	  stirred	  for	  1	  h	  at	  this	  temperature	  then	  cooled	  to	  −78	  °C.	  A	  solution	  of	  
N-­‐Bocpyrrole	   (87)	   (5.00	   g,	   30.0	   mmol)	   in	   THF	   (100	   mL)	   was	   then	   added,	   in	  portions,	  over	  0.5	  h,	  to	  the	  reaction	  mixture	  that	  was	  then	  stirred	  at	  −78	  °C	  for	  6	  h.	  After	  this	  time	  TMSCl	  (5	  mL,	  46.0	  mmol)	  was	  added	  then	  warmed	  to	  18	  °C	  over	  20	  h.	  The	  ensuing	  mixture	  was	  cooled	  to	  0	  °C,	  diluted	  with	  ice-­‐cold	  H2O	  (200	  mL)	  and	  extracted	   with	   ethyl	   acetate	   (2	   ×	   300	   mL).	   The	   combined	   organic	   phases	   were	  dried	  (MgSO4),	  filtered	  and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	   to	   flash	  column	  chromatography	  (silica,	  hexane	  elution).	  Concentration	  of	  the	  appropriate	  fractions	  (Rf	  =	  0.2)	  afforded	  the	  title	  compound	  
17190	  (4.18	  g,	  58%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.41	  (dd,	  J	  =	  3.2	  and	  1.6	  Hz,	  1H),	  6.48	  (dd,	  J	  =	  3.2	  and	  1.6	  Hz,	  1H),	  6.24	  (t,	  J	  =	  3.2,	  1H),	  1.62	  (s,	  9H),	  0.30	  (s,	  9H).	  	  	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.90	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tert-­‐Butyl	   4-­‐(4,4,5,5-­‐Tetramethyl-­‐1,3,2-­‐dioxaborolan-­‐2-­‐yl)-­‐2-­‐(trimethylsilyl)	  
-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  [165]	  
	  
	  	  The	   title	  compound	  was	  prepared	   from	  precursor	  171	  using	  procedures	  defined	  by	   Gaunt	   et	  al.92	   Thus,	   pyrrole	  171	   (375	  mg,	   1.55	  mmol),	   B2pin2	   (398	  mg,	   1.55	  mmol),	  [Ir(Cl)(COD)]2	  (20	  mg,	  0.03	  mmol),	  dtbpy	  (18	  mg,	  0.06	  mmol)	  and	  hexane	  (3	  mL)	  were	  placed	  in	  a	  thick-­‐walled	  Ace	  glass	  tube	  (Product	  Number	  :	  5704-­‐10)	  and	   the	  vessel	   then	   sealed.	  The	   solution	  was	   subjected	   to	  microwave	   irradiation	  (200	  W,	  100	  °C)	  for	  0.83	  h	  then	  cooled	  and	  concentrated	  under	  reduced	  pressure	  to	  afford	  the	  title	  pyrrole	  16592	  (570	  mg,	  quantitative)	  as	  a	  clear,	  brown	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  8.16	  (d,	  J	  =	  1.6	  Hz,	  1H),	  7.24	  (d,	  J	  =	  1.6	  Hz,	  1H),	  1.19	  (s,	  9H),	  1.17	  (s,	  12H),	  0.44	  (9H).	  	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  365	  (M+!,	  100%),	  364	  (30).	  
HREIMS	  Found:	  M+!,	  365.2193.	  C18H3211BNO4Si	  requires	  M+!,	  365.2194.	  	  	  These	  data	  as	  well	  as	  others	  acquired	  on	  this	  compound	  matched	  those	  reported	  in	  the	  literature.92	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Di-­‐tert-­‐butyl	  4,4'-­‐(1,4-­‐Phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [172]	  	  
	  	  Pyrrole	  171	  (375	  mg,	  1.55	  mmol),	  B2pin2	  (398	  mg,	  1.55	  mmol),	  [Ir(Cl)(COD)]2	  (20	  mg,	  0.03	  mmol),	  dtbpy	  (18	  mg,	  0.06	  mmol)	  and	  hexane	  (3	  mL)	  were	  placed	  in	  each	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	  compound	   165.	   A	   magnetically	   stirred	   solution	   of	   compound	   165	   in	   1,4-­‐dioxane:H2O	  (16	  mL	  of	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  	  at	  18	  °C	  was	  treated	  sequentially	   with	   1,4-­‐dibromobenzene	   (113)	   (482	  mg,	   2.00	   mmol),	   K2CO3	   (847	  mg,	   6.10	   mmol).	   The	   resulting	   mixture	   was	   flushed	   with	   N2	   then	  Pd(dppf)Cl2!CH2Cl2	   (83	  mg,	   0.10	  mmol)	   was	   added.	   The	   solution	   thus	   obtained	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	   with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   40	   °C	   for	   48	   h.	   The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	   (3	   ×	   70	  mL).	   The	   combined	   organic	   phases	  were	   dried	   (MgSO4),	   filtered	  and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	  pretreated	  with	  5%	  Et3N	  in	  hexane,	  hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   4.8:0.2	   v/v	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  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  172	  (630	  mg	  56%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  159-­‐161	  °C.	  	  
1H	  NMR	  (CDCl3,	  400	  MHz)	  δ	  7.65	  (s,	  2H),	  7.54	  (s,	  4H),	  6.79	  (s,	  2H),	  1.65	  (s,	  18H),	  0.34	  (s,	  18H).	  
13C	  NMR	  (CDCl3,	  100	  MHz)	  δ	  149.8	  (2	  ×	  C),	  136.4	  (2	  ×	  C),	  132.6	  (2	  ×	  C),	  127.6	  (2	  ×	  C),	  126.0	  (4	  ×	  CH),	  121.9	  (2	  ×	  CH),	  120.3	  (2	  ×	  CH),	  83.7	  (2	  ×	  C),	  28.2	  (6	  ×	  CH3),	  −0.2	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2980,	  1741,	  1369,	  1163,	  853	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  552	  (M+!,	  31%),	  440	  (100),	  396	  (30).	  
HREIMS	  Found:	  M+!,	  552.2838.	  C30H44N2O4Si2	  requires	  M+!,	  552.2840.	  	  	  	  
Di-­‐tert-­‐butyl	  4,4'-­‐(1,3-­‐Phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [173]	   	  
	  	  Pyrrole	  171	  (375	  mg,	  1.55	  mmol),	  B2pin2	  (398	  mg,	  1.55	  mmol),	  [Ir(Cl)(COD)]2	  (20	  mg,	  0.03	  mmol),	  dtbpy	  (18	  mg,	  0.06	  mmol)	  and	  hexane	  (3	  mL)	  were	  placed	  in	  each	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  
[Ir(OMe)(COD)]2, dtbpy,              
B2pin2, hexane, µw, 100 °C, 0.83 h
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  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	  compound	   165.	   A	   magnetically	   stirred	   solution	   of	   compound	   165	   in	   1,4-­‐dioxane:H2O	  (16	  mL	  of	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  	  at	  18	  °C	  was	  treated	  sequentially	   with	   1,3-­‐dibromobenzene	   (104)	   (482	  mg,	   2.00	   mmol),	   K2CO3	   (847	  mg,	   6.10	   mmol).	   The	   resulting	   mixture	   was	   flushed	   with	   N2	   then	  Pd(dppf)Cl2!CH2Cl2	   (83	  mg,	   0.10	  mmol)	   was	   added.	   The	   solution	   thus	   obtained	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	   with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   40	   °C	   for	   48	   h.	   The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	   (3	   ×	   70	  mL).	   The	   combined	   organic	   phases	  were	   dried	   (MgSO4),	   filtered	  and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	  pretreated	  with	  5%	  Et3N	  in	  hexane,	  hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   4.0:0.1	   v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  173	  (820	  mg	  73%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  169-­‐171	  °C.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  8.05	  (s,	  1H),	  7.80	  (s,	  2H),	  7.47	  (d,	  J	  =	  7.8	  Hz,	  2H),	  7.28	  (t,	  
J	  =	  7.8	  Hz,	  1H),	  7.04	  (s,	  2H),	  1.28	  (s,	  18H),	  0.51	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  150.2	  (2	  ×	  C),	  136.5	  (2	  ×	  C),	  135.7	  (2	  ×	  C),	  129.7	  (CH),	  128.8	  (2	  ×	  CH),	  124.9	  (2	  ×	  CH),	  124.0	  (CH),	  123.1	  (2	  ×	  CH),	  121.0	  (2	  ×	  CH),	  83.3	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  0.0	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2978,	  1741,	  1370,	  1156,	  853	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  552	  (M+!,	  79%),	  481	  (100).	  
HREIMS	  Found:	  M+!,	  552.2839.	  C30H44N2O4Si2	  requires	  M+!,	  552.2840	  	  	  	  	  	  	  	  	  	  	  
	   	   Chapter	  Six	  	  
	   	  
183	  
Di-­‐tert-­‐butyl	  4,4'-­‐(1,2-­‐Phenylene)bis(2-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐
carboxylate)	  [174]	  	  
	  	  Pyrrole	  171	  (375	  mg,	  1.55	  mmol),	  B2pin2	  (398	  mg,	  1.55	  mmol),	  [Ir(Cl)(COD)]2	  (20	  mg,	  0.03	  mmol),	  dtbpy	  (18	  mg,	  0.06	  mmol)	  and	  hexane	  (3	  mL)	  were	  placed	  in	  each	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	  compound	   165.	   A	   magnetically	   stirred	   solution	   of	   compound	   165	   in	   1,4-­‐dioxane:H2O	  (16	  mL	  of	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  	  at	  18	  °C	  was	  treated	  sequentially	   with	   1,2-­‐dibromobenzene	   (122)	   (482	   mg,	   2.00	   mmol),	   K2CO3	   (847	  mg,	   6.10	   mmol).	   The	   resulting	   mixture	   was	   flushed	   with	   N2	   then	  Pd(dppf)Cl2!CH2Cl2	   (83	  mg,	   0.10	  mmol)	   was	   added.	   The	   solution	   thus	   obtained	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	  N2	  before	  the	  reaction	  mixture	  was	  stirred	  at	  40	  °C	  for	  3	  d.	  The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (50	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   70	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.5	   in	   4.8:0.2	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  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  174	  (890	  mg	  79%)	  as	  a	  yellow	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.51-­‐7.49	  (complex	  m,	  4H),	  6.64	  (d,	  J	  =	  1.6	  Hz,	  2H),	  1.27	  (s,	  18H),	  0.46	  (s,	  18H)	  (two	  resonance	  obscured	  or	  overlapping).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  150.2	  (2	  ×	  C),	  134.8	  (2	  ×	  C),	  134.4	  (2	  ×	  C),	  130.3	  (2	  ×	  CH),	  128.6	  (2	  ×	  C),	  127.4	  (2	  ×	  CH),	  126.2	  (2	  ×	  CH),	  123.1	  (2	  ×	  CH),	  83.0	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  −0.0	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2980,	  1740,	  1369,	  1157,	  842	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  552	  (M+!,	  100%).	  
HREIMS	  Found:	  M+!,	  552.2839.	  C30H44N2O4Si2	  requires	  M+!,	  552.2840	  	  	  
Tetra-­‐tert-­‐butyl	  5,5''-­‐(1,4-­‐Phenylene)bis(5'-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2'',3'''-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [175]	   	  
	  	  Pyrrole	  171	  (106	  mg,	  0.44	  mmol),	  B2pin2	  (112	  mg,	  0.44	  mmol),	  [Ir(Cl)(COD)]2	  (6	  mg,	  0.01	  mmol),	  dtbpy	  (5	  mg,	  0.02	  mmol)	  and	  hexane	  (1.5	  mL)	  were	  placed	  in	  each	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	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  compound	   165.	   A	   magnetically	   stirred	   solution	   of	   compound	   165	   in	   1,4-­‐dioxane:H2O	  (6	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	   with	   di-­‐tert-­‐butyl	   5,5'-­‐(1,4-­‐phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  (112)	  (100	  mg,	  0.18	  mmol),	  K2CO3	  (73	  mg,	  0.53	  mmol).	  The	  solution	  thus	   obtained	   was	   flushed	   with	   N2	   then	   Pd(dppf)Cl2!CH2Cl2	   (8	  mg,	   0.01	  mmol)	  was	  added.	  The	  resulting	  mixture	  was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	   evacuated	   and	   refilled	   five	   times	   with	   N2	   before	   the	   reaction	  mixture	   was	  stirred	  at	  40	  °C	  for	  6	  d.	  The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (20	  mL)	  and	  extracted	  with	  ethyl	  acetate	   (3	  ×	  30	  mL).	  The	  combined	  organic	  phases	  were	   dried	   (MgSO4),	   filtered	   and	   concentrated	   under	   reduced	   pressure	   and	   the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	  pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	   appropriate	  fractions	  (Rf	  =	  0.4	  in	  9:1	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  175	  (80	  mg,	  51%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  179-­‐182	  °C.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.80	  (d,	  J	  =	  1.6	  Hz,	  2H),	  7.39	  (s,	  4H),	  6.88	  (d,	  J	  =	  1.6	  Hz,	  2H),	  6.37	  (d,	   J	  =	  3.6	  Hz,	  2H),	  6.30	  (d,	   J	  =	  3.6	  Hz,	  2H),	  1.28	  (s,	  18H),	  1.17	  (s,	  18H),	  0.05	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  150.6	  (2	  ×	  C),	  150.2	  (2	  ×	  C),	  136.3	  (2	  ×	  C),	  134.6	  (2	  ×	  C),	   133.6	   (2	  ×	  C),	   130.8	   (2	  ×	  C),	   128.7	   (4	  ×	  CH),	  126.4	   (2	  ×	  CH),	  123.4	   (2	  ×	  CH),	  120.6	  (2	  ×	  CH),	  112.6	  (2	  ×	  CH),	  112.1	  (2	  ×	  CH),	  83.6	  (2	  ×	  C),	  83.2	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  27.3	  (6	  ×	  CH3),	  −0.1	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2979,	  1741,	  1368,	  1299,	  1155,	  844	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  70eV)	  m/z	  883	  [(M	  +	  H)+,	  100%].	  
HRESIMS	  Found:	  (M	  +	  H)+,	  883.4498.	  C48H67N4O8Si2	  requires	  (M	  +	  H)+,	  883.4497.	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Tetra-­‐tert-­‐butyl	  5,5''-­‐(1,3-­‐Phenylene)bis(5'-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2'',3'''-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [176]	  
	  
	  	  Pyrrole	  171	   (93	  mg,	  0.39	  mmol),	  B2pin2	   (99	  mg,	  0.39	  mmol),	   [Ir(Cl)(COD)]2	   (5.2	  mg,	  0.08	  mmol),	  dtbpy	  (5	  mg,	  0.02	  mmol)	  and	  hexane	  (1.5	  mL)	  were	  placed	  in	  each	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	  compound	   165.	   A	   magnetically	   stirred	   solution	   of	   compound	   165	   in	   1,4-­‐dioxane:H2O	  (4	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  	  at	  18	  °C	  was	  treated	  sequentially	   with	   di-­‐tert-­‐butyl	   5,5'-­‐(1,3-­‐phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  (106)	  (88	  mg,	  0.16	  mmol),	  K2CO3	  (64	  mg,	  0.47	  mmol).	  The	  resulting	  mixture	   was	   flushed	   with	   N2	   then	   Pd(dppf)Cl2!CH2Cl2	   (6	   mg,	   0.01	   mmol)	   was	  added.	   The	   solution	   thus	   obtained	   was	   flushed	   with	   additional	   N2	   and	   the	  container	   then	   evacuated	   and	   refilled	   five	   times	   with	   N2	   before	   the	   reaction	  mixture	  was	  stirred	  at	  40	   °C	   for	  6	  d.	  The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	   H2O	   (20	  mL)	   and	   extracted	  with	   ethyl	   acetate	   (3	   ×	   30	  mL).	   The	   combined	  
[Ir(OMe)(COD)]2, dtbpy,              
B2pin2, hexane, µw, 100 °C, 0.83 h
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187	  organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	   concentrated	   under	   reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	  appropriate	   fractions	  (Rf	  =	  0.6	   in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  
compound	  176	  (27	  mg,	  20%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.79	  (s,	  2H),	  7.72	  (s,	  1H),	  7.33	  (d,	  J	  =	  7.6	  Hz,	  2H),	  7.13-­‐7.09	  (complex	  m,	  1H),	  6.88	  (s,	  2H),	  6.36	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.32	  (d,	  J	  =	  3.2	  Hz,	  2H),	  1.27	  (s,	  18H),	  1.15	  (s,	  18H),	  0.0	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  150.6	  (2	  ×	  C),	  150.2	  (2	  ×	  C),	  136.1	  (2	  ×	  C),	  134.9	  (2	  ×	  C),	  134.6	  (2	  ×	  C),	  130.8	  (2	  ×	  C),	  127.2	  (CH),	  126.3	  (2	  ×	  CH),	  123.4	  (2	  ×	  CH),	  120.5	  (2	  ×	  C),	  112.1	  (2	  ×	  CH),	  112.0	  (2	  ×	  CH),	  83.7	  (2	  ×	  C),	  83.2	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  27.3	  (6	  ×	  CH3),	  −0.1	  (6	  ×	  CH3)	  (three	  resonances	  obscured	  or	  overlapping).	  
IR	  νmax	  (KBr)	  2979,	  1742,	  1369,	  1155,	  844	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  ion	  mode)	  905	  [(M	  +	  Na)+,	  100%],	  883	  [(M	  +	  H)+,	  4].	  
HRESIMS	  Found:	  (M	  +	  H)+,	  883.4500.	  C48H67N4O8Si2	  requires	  (M	  +	  H)+,	  883.4497.	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Tetra-­‐tert-­‐butyl	  5,5''-­‐(1,2-­‐Phenylene)bis(5'-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2'',3'''-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [177]	  	  
	  	  Pyrrole	  171	   (34	  mg,	  0.14	  mmol),	  B2pin2	   (36	  mg,	  0.14	  mmol),	   [Ir(Cl)(COD)]2	   (1.9	  mg,	  0.003	  mmol),	  dtbpy	  (2	  mg,	  0.01	  mmol)	  and	  hexane	  (1	  mL)	  were	  placed	  in	  each	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	  compound	   165.	   A	   magnetically	   stirred	   solution	   of	   compound	   165	   in	   1,4-­‐dioxane:H2O	  (4	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  	  at	  18	  °C	  was	  treated	  sequentially	   with	   di-­‐tert-­‐butyl	   5,5'-­‐(1,2-­‐phenylene)bis(2-­‐bromo-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  (124)	  (35	  mg,	  0.06	  mmol),	  K2CO3	  (26	  mg,	  0.19	  mmol).	  The	  resulting	  mixture	   was	   flushed	   with	   N2	   then	   Pd(dppf)Cl2!CH2Cl2	   (3	   mg,	   0.003	  mmol)	   was	  added.	   The	   solution	   thus	   obtained	   was	   flushed	   with	   additional	   N2	   and	   the	  container	   then	   evacuated	   and	   refilled	   five	   times	   with	   N2	   before	   the	   reaction	  mixture	  was	  stirred	  at	  40	   °C	   for	  7	  d.	  The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	   H2O	   (20	  mL)	   and	   extracted	  with	   ethyl	   acetate	   (3	   ×	   30	  mL).	   The	   combined	  organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	   concentrated	   under	   reduced	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189	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	   Concentration	   of	   the	  appropriate	   fractions	  (Rf	  =	  0.4	   in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  
compound	  177	  (35	  mg,	  64%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.73	  (s,	  2H),	  7.73	  (dd,	  J	  =	  3.2	  and	  5.2	  Hz,	  2H),	  7.02	  (dd,	  J	  
=	  3.2	  and	  5.6	  Hz,	  2H),	  6.84	  (s,	  2H),	  6.35	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.29	  (d,	  J	  =	  3.2	  Hz,	  2H),	  1.27	  (s,	  18H),	  1.12	  (s,	  18H),	  0.47	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  150.2	  (4	  ×	  C),	  135.3	  (2	  ×	  C),	  135.1	  (2	  ×	  C),	  134.1	  (2	  ×	  C),	  130.6	  (2	  ×	  CH),	  130.2	  (2	  ×	  C),	  126.8	  (2	  ×	  CH),	  126.6	  (2	  ×	  CH),	  123.3	  (2	  ×	  CH),	  120.8	  (2	  ×	  C),	  113.3	  (2	  ×	  CH),	  112.2	  (2	  ×	  CH),	  83.1	  (2	  ×	  C),	  83.0	  (2	  ×	  C),	  27.7	  (6	  ×	  CH3),	  27.4	  (6	  ×	  CH3),	  −0.0	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2979,	  1740,	  1369,	  1155,	  843	  cm-­‐1.	  
Mass	   spectrum	   (ESI,	  +ve	   ion	  mode)	  m/z	  905	  [(M	  +	  Na)+,	  100%],	  883	  [(M	  +	  H)+,	  26].	  
HRESIMS	  Found:	  (M	  +	  H)+,	  883.4496.	  C48H67N4O8Si2	  requires	  (M	  +	  H)+,	  883.4497.	  	  	  
Di-­‐tert-­‐butyl	  2,2'-­‐(1,4-­‐Phenylene)bis(1H-­‐pyrrole-­‐1-­‐carboxylate)	  [178]	  
	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,4-­‐bromobenzene	  (113)	  (200	  mg,	  0.85	  mmol)	  in	  1,4-­‐dioxane:H2O	  (8	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  at	  18	  °C	  was	  treated	  sequentially	  with	  boronic	  acid	   26	   (0.41	  g,	  1.95	  mmol)	  and	  K2CO3	  (0.35	  g,	  2.54	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   for	   0.5	   h	   then	  Pd(dppf)Cl2!CH2Cl2	   (35	   mg,	   0.04	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	  mixture	  was	   stirred	   at	   80	   °C	   for	   48	   h.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (20	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   40	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	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190	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	  Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.4	   in	   9:1	   v/v	   hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  178	  (250	  mg,	  72%)	  as	  a	  clear,	  colourless	  oil.	  
	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.46	  (dd,	  J	  =	  2.0	  and	  3.2	  Hz,	  2H),	  7.10	  (br	  s,	  4H),	  6.13	  (dd,	  J	  =	  2.0	  and	  3.2	  Hz,	  2H),	  6.09	  (t,	  J	  =	  3.2	  Hz,	  2H),	  1.12	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.6	  (2	  ×	  C),	  135.4	  (2	  ×	  C),	  133.7	  (2	  ×	  C),	  128.9	  (4	  ×	  C),	  123.0	  (2	  ×	  CH),	  114.8	  (2	  ×	  CH),	  111.1	  (2	  ×	  CH),	  83.2	  (2	  ×	  C),	  27.5	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2979,	  1737,	  1336,	  1146,	  848	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  ion	  mode)	  m/z	  431	  [(M	  +	  Na)+,	  100%],	  409	  [(M	  +	  H)+,	  9].	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   431.1947.	   C24H28N223NaO	   requires	   (M	   +	   Na)+,	  431.1947.	  
	  
	  
Di-­‐tert-­‐butyl	  5,5'-­‐(1,4-­‐Phenylene)bis(3-­‐(4,4,5,5-­‐tetramethyl-­‐1,3,2-­‐
dioxaborolan-­‐2-­‐yl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  [179]	  	  
	  	  Pyrrole	  178	   (50	  mg,	  0.12	  mmol),	  B2pin2	   (62	  mg,	  0.24	  mmol),	   [Ir(Cl)(COD)]2	   (3.2	  mg,	  0.005	  mmol),	  dtbpy	   (3	  mg,	  0.01	  mmol)	   and	  hexane	   (1	  mL)	  were	  placed	   in	   a	  thick-­‐walled	  Ace	  glass	  tube	  (Product	  Number	  :	  5704-­‐10)	  and	  this	  then	  sealed.	  The	  solution	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	  100	  °C)	   for	  0.83	  h	  then	  cooled	   and	   concentrated	   under	   reduced	   pressure	   and	   the	   residue	   thus	   obtained	  subjected	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	  hexane,	   9:1	   v/v	   hexane/ethyl	   acetate	   elution).	   Concentration	   of	   the	   appropriate	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  fractions	   (Rf	   =	   0.5)	   afforded	   the	   title	   compound	  179	   (80	   mg,	   quantitative)	   as	   a	  white,	  amorphous	  solid.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  8.14	  (d,	  J	  =	  1.2	  Hz,	  2H),	  7.06	  (d,	  J	  =	  4.8	  Hz,	  4H),	  6.69	  (d,	  J	  
=	  1.2	  Hz,	  2H),	  1.16	  (s,	  24H),	  1.10	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.3	  (2	  ×	  C),	  136.3	  (2	  ×	  C),	  133.5	  (2	  ×	  C),	  132.3	  (2	  ×	  CH),	  130.2	  (2	  ×	  C),	  128.8	  (4	  ×	  CH),	  119.5	  (2	  ×	  CH),	  83.4	  (2	  ×	  C),	  83.3	  (4	  ×	  C),	  27.4	  (6	  ×	  CH3),	  25.0	  (8	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2978,	  1742,	  1142,	  853	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  660	  (M+!,	  100	  %),	  659	  (44%).	  
HREIMS	  Found:	  M+!,	  660.3755.	  C36H5011B2N2O8	  requires	  M+!,	  660.3753.	  	  	  
Tetra-­‐tert-­‐Butyl	  5',5'''-­‐(1,4-­‐Phenylene)bis(5-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2,3'-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [180]	  
	  
	  	  Pyrrole	  178	  (100	  mg,	  0.24	  mmol),	  B2pin2	  (124	  mg,	  0.48	  mmol),	  [Ir(Cl)(COD)]2	  (6.6	  mg,	  0.01	  mmol),	  dtbpy	  (5	  mg,	  0.02	  mmol)	  and	  hexane	  (2	  mL)	  were	  placed	  in	  each	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192	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	  compound	   179.	   A	   magnetically	   stirred	   solution	   of	   compound	   179	   in	   1,4-­‐dioxane:H2O	  (4	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  	  at	  18	  °C	  was	  treated	  sequentially	   with	   tert-­‐butyl	   2-­‐bromo-­‐5-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  (88)	  (234	  mg,	  0.73	  mmol)	  and	  K2CO3	  (102	  mg,	  0.73	  mmol).	  The	  resulting	  mixture	  was	  flushed	  with	  N2	  then	  Pd(dppf)Cl2!CH2Cl2	  (10	  mg,	  0.001	  mmol)	  was	  added.	  The	  solution	   thus	   obtained	   was	   flushed	   with	   additional	   N2	   and	   the	   container	   then	  evacuated	  and	  refilled	  five	  times	  with	  N2	  before	  the	  reaction	  mixture	  was	  stirred	  at	  40	  °C	  for	  48	  h.	  The	  ensuing	  solution	  was	  then	  cooled,	  quenched	  with	  H2O	  (10	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  20	  mL).	  The	  combined	  organic	  phases	  were	  dried	  (MgSO4),	  filtered	  and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	  pretreated	  with	  5%	  Et3N	   in	  hexane,	  hexane	  elution).	  Concentration	  of	   the	  appropriate	   fractions	   (Rf	   =	  0.2)	  afforded	  the	  title	  compound	  180	   (150	  mg,	  71%)	  as	  a	  white,	  crystalline	  solid,	  m.p.	  =	  194-­‐198	  °C.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.54	  (d,	  J	  =	  2.0	  Hz,	  2H),	  7.34	  (s,	  4H),	  6.62	  (d,	  J	  =	  3.0	  Hz,	  2H),	  6.37	  (d,	  J	  =	  3.0	  Hz,	  2H),	  6.10	  (d,	  J	  =	  2.0	  Hz,	  2H),	  1.24	  (18H),	  1.20	  (18H),	  0.54	  (18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.5	  (2	  ×	  C),	  149.5	  (2	  ×	  C),	  137.4	  (2	  ×	  C),	  134.3	  (2	  ×	  C),	   133.6	   (2	  ×	  C),	   132.4	   (2	  ×	  C),	   128.6	   (4	  ×	  CH),	  123.3	   (2	  ×	  CH),	  121.3	   (2	  ×	  CH),	  120.6	  (2	  ×	  C),	  117.4	  (2	  ×	  CH),	  115.4	  (2	  ×	  CH),	  83.4	  (2	  ×	  C),	  83.3	  (2	  ×	  C),	  27.6	  (6	  ×	  CH3),	  27.5	  (6	  ×	  CH3),	  0.4	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2979,	  1735,	  1329,	  1157,	  848	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  905	  [(M	  +	  Na)+,	  100%],	  883	  [(M	  +	  H)+,	  43].	  
HRESIMS	  Found:	  (M	  +	  Na)+,	  905.4324.	  C48H66N423NaO8Si2	  requires	  (M	  +	  Na)+,	  905.4317.	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Di-­‐tert-­‐butyl	  2,2'-­‐(1,3-­‐Phenylene)bis(1H-­‐pyrrole-­‐1-­‐carboxylate)	  [105]	  	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,3-­‐bromobenzene	  104	  (200	  mg,	  0.85	  mmol)	  in	  1,4-­‐dioxane:H2O	   (8	  mL	   of	   a	   3:1	   v/v	  mixture)	  maintained	   under	  N2	   at	   18	   °C	  was	  treated	   sequentially	  with	   boronic	   acid	   26	   (411	  mg,	   1.95	  mmol)	   and	  K2CO3	   (351	  mg,	   2.54	   mmol).	   The	   ensuing	   mixture	   was	   flushed	   with	   N2	   then	  Pd(dppf)Cl2!CH2Cl2	   (35	   mg,	   0.04	   mmol)	   was	   added.	   The	   resulting	   solution	   was	  flushed	  with	  additional	  N2	  and	  the	  container	  then	  evacuated	  and	  refilled	  five	  times	  with	   N2	   before	   the	   reaction	   mixture	   was	   stirred	   at	   80	   °C	   for	   3	   d.	   The	   ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (20	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	   ×	   40	   mL).	   The	   combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	   column	   chromatography	   (SiO2	   pretreated	  with	   5%	   Et3N	   in	   hexane,	   hexane	  elution).	   Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   9:1	   v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  10573	  (230	  mg,	  68%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.52	  (dd,	  J	  =	  2.8	  and	  1.6	  Hz,	  2H),	  7.37	  (br	  s,	  1H),	  7.20	  (br	  s,	  1H),	  7.18	  (d,	  J	  =	  1.6	  Hz,	  1H),	  7.05	  (t,	  J	  =	  7.6	  Hz,	  1H),	  6.19	  (dd,	  J	  =	  2.8	  and	  1.6	  Hz,	  2H),	  6.13	  (t,	  J	  =	  2.8	  Hz,	  2H),	  1.36	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.6	  (2	  ×	  C),	  135.2	  (2	  ×	  C),	  134.5	  (2	  ×	  C),	  130.8	  (CH),	  128.5	  (2	  ×	  CH),	  126.9	  (CH),	  122.9	  (2	  ×	  CH),	  114.8	  (2	  ×	  CH),	  111.0	  (2	  ×	  CH),	  83.1	  (2	  ×	  C),	  27.5	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2980,	  1739,	  1335,	  1313,	  1147,	  729	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  408	  (M+!,	  21%),	  308	  (19),	  252	  (63),	  208	  (100).	  
HREIMS	  Found:	  M+!,	  408.2048.	  C24H28N2O4	  requires	  M+!,	  408.2048.	  	  These	  data	  matched	  those	  reported	  in	  the	  literature.73	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Di-­‐tert-­‐butyl	  5,5'-­‐(1,3-­‐Phenylene)bis(3-­‐(4,4,5,5-­‐tetramethyl-­‐1,3,2-­‐
dioxaborolan-­‐2-­‐yl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  [181]	  
	  
	  	  Pyrrole	  105	   (50	  mg,	  0.12	  mmol),	  B2pin2	   (62	  mg,	  0.24	  mmol),	   [Ir(Cl)(COD)]2	   (3.2	  mg,	  0.005	  mmol),	  dtbpy	  (2.6	  mg,	  0.01	  mmol)	  and	  hexane	  (1	  mL)	  were	  placed	  in	  a	  thick-­‐walled	  Ace	  glass	  tube	  (Product	  Number	  :	  5704-­‐10)	  and	  this	  then	  sealed.	  The	  solution	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	  100	  °C)	   for	  0.83	  h	  then	  cooled	   and	   concentrated	   under	   reduced	   pressure	   and	   the	   residue	   thus	   obtained	  subjected	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	  hexane,	   9:1	   v/v	   hexane/ethyl	   acetate	   elution).	   Concentration	   of	   the	   appropriate	  fractions	   (Rf	   =	   0.3)	   afforded	   the	   title	   compound	  181	   (80	   mg,	   quantitative)	   as	   a	  light-­‐yellow	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  8.27	  (s,	  2H),	  7.38	  (s,	  1H),	  7.18	  (s,	  2H),	  7.00	  (dd,	  J	  =	  7.6	  Hz,	  1H),	  6.80	  (s,	  2H),	  1.15	  (s,	  24H),	  1.06	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.3	  (2	  ×	  C),	  136.1	  (2	  ×	  C),	  134.3	  (2	  ×	  C),	  132.2	  (2	  ×	  CH),	  130.8	  (CH),	  126.9	  (CH),	  119.4	  (2	  ×	  CH),	  83.3	  (2	  ×	  C),	  83.2	  (4	  ×	  C),	  27.4	  (6	  ×	  CH3),	  25.0	  (8	  ×	  CH3)	  (four	  resonances	  obscured	  or	  overlapping).	  
IR	  νmax	  (KBr)	  2978,	  1743,	  1142	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  683	  [(M	  +	  Na)+,	  100%].	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   683.3652.	   C36H5011B2N223NaO8	   requires	   (M	   +	   Na)+,	  683.3651.	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Tetra-­‐tert-­‐butyl	  5',5'''-­‐(1,3-­‐Phenylene)bis(5-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2'',3'''-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [182]	  	  
	  	  Pyrrole	  105	  (113	  mg,	  0.28	  mmol),	  B2pin2	  (140	  mg,	  0.55	  mmol),	  [Ir(Cl)(COD)]2	  (7.4	  mg,	  0.01	  mmol),	  dtbpy	  (6	  mg,	  0.02	  mmol)	  and	  hexane	  (2	  mL)	  were	  placed	  in	  each	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	   the	  compound	   181.	   A	   magnetically	   stirred	   solution	   of	   compound	   181	   in	   1,4-­‐dioxane:H2O	  (4	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  	  at	  18	  °C	  was	  treated	  sequentially	   with	   tert-­‐butyl	   2-­‐bromo-­‐5-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  (88)	  (263	  mg,	  0.83	  mmol)	  and	  K2CO3	  (114	  mg,	  0.83	  mmol).	  The	  resulting	  solution	  was	  flushed	  with	  N2	  then	  Pd(dppf)Cl2!CH2Cl2	  (11	  mg,	  0.001	  mmol)	  was	  added.	  The	  solution	   thus	   obtained	   was	   flushed	   with	   additional	   N2	   and	   the	   container	   then	  evacuated	  and	  refilled	  five	  times	  with	  N2	  before	  the	  reaction	  mixture	  was	  stirred	  at	  40	  °C	  for	  3	  d.	  The	  ensuing	  solution	  was	  then	  cooled,	  quenched	  with	  H2O	  (10	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  20	  mL).	  The	  combined	  organic	  phases	  were	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196	  dried	  (MgSO4),	  filtered	  and	  concentrated	  under	  reduced	  pressure	  and	  the	  residue	  thus	  obtained	  subjected	  to	  flash	  column	  chromatography	  (SiO2	  pretreated	  with	  5%	  Et3N	   in	  hexane,	  hexane	  elution).	  Concentration	  of	   the	  appropriate	   fractions	   (Rf	   =	  0.3	   in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	   the	   title	  compound	  182	   (43	  mg,	  18	  %)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.55	  (s,	  1H),	  7.50	  (d,	  J	  =	  1.6	  Hz,	  2H),	  7.31	  (dd,	  J	  =	  1.6	  and	  7.6	  Hz,	  2H),	  6.61	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.36	  (d,	  J	  =	  3.2	  Hz,	  2H),	  6.21	  (d,	  J	  =	  1.6	  Hz,	  2H),	  1.25	   (s,	   18H),	   1.18	   (s,	   18H),	   0.52	   (s,	   18H)	   (one	   resonance	   obscured	   or	  overlapping).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.5	  (2	  ×	  C),	  149.4	  (2	  ×	  C),	  137.5	  (2	  ×	  C),	  134.4	  (2	  ×	  C),	  134.3	  (2	  ×	  C),	  132.4	  (2	  ×	  C),	  130.1	  (CH),	  127.1	  (CH),	  123.2	  (2	  ×	  CH),	  121.2	  (2	  ×	  CH),	  120.5	  (2	  ×	  C),	  117.4	  (2	  ×	  CH),	  115.4	  (2	  ×	  CH),	  83.3	  (4	  ×	  C),	  27.6	  (6	  ×	  CH3),	  27.5	  (6	  ×	  CH3),	  0.4	  (6	  ×	  CH3)	  (two	  resonances	  obscured	  or	  overlapping).	  
IR	  νmax	  (KBr)	  2979,	  1736,	  1330,	  1159,	  847	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  905	  [(M	  +	  Na)+,	  100%],	  883	  [(M	  +	  H)+,	  71].	  
HRESIMS	   Found:	   (M	   +	   Na)+,	   905.4317.	   C48H66N423NaO8Si2	   requires	   (M	   +	   Na)+,	  905.4317.	  	  
	  
Di-­‐tert-­‐butyl	  2,2'-­‐(1,2-­‐Phenylene)bis(1H-­‐pyrrole-­‐1-­‐carboxylate)	  [183]	  	  
	  	  A	  magnetically	  stirred	  solution	  of	  1,2-­‐bromobenzene	  122	  (200	  mg,	  0.85	  mmol)	  in	  1,4-­‐dioxane:H2O	   (8	  mL	   of	   a	   3:1	   v/v	  mixture)	  maintained	   under	  N2	   at	   18	   °C	  was	  treated	   sequentially	  with	   boronic	   acid	  26	   (410	  mg,	   1.95	  mmol)	   and	  K2CO3	   (351	  mg,	  2.54	  mmol).	  The	  ensuing	  mixture	  was	  flushed	  with	  N2	  and	  Pd(dppf)Cl2!CH2Cl2	  (35	  mg,	  0.04	  mmol)	  was	  added.	  The	  resulting	  solution	  was	  flushed	  with	  additional	  N2	   and	   the	   container	   then	   evacuated	   and	   refilled	   five	   times	   with	   N2	   before	   the	  reaction	  mixture	  was	   stirred	   at	   80	   °C	   for	   3	   d.	   The	   ensuing	  mixture	  was	   cooled,	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  quenched	  with	   H2O	   (20	  mL)	   and	   extracted	  with	   ethyl	   acetate	   (3	   ×	   40	  mL).	   The	  combined	   organic	   phases	   were	   dried	   (MgSO4),	   filtered	   and	   concentrated	   under	  reduced	   pressure	   and	   the	   residue	   thus	   obtained	   subjected	   to	   flash	   column	  chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	   hexane,	   hexane	   elution).	  Concentration	   of	   the	   appropriate	   fractions	   (Rf	   =	   0.3	   in	   9:1	   v/v	   hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  183	  (210	  mg,	  60%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  7.39	  (br	  s,	  2H),	  7.21	  (dd,	  J	  =	  3.6	  and	  1.8	  Hz,	  2H),	  7.03	  (dd,	  
J	  =	  3.6	  and	  1.8	  Hz,	  2H),	  6.13	  (br	  s,	  2H),	  6.02	  (t,	  J	  =	  3.2	  Hz,	  2H),	  1.15	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  149.3	  (2	  ×	  C),	  135.7	  (2	  ×	  C),	  133.7	  (2	  ×	  C),	  130.8	  (2	  ×	  CH),	  126.9	  (2	  ×	  CH),	  121.9	  (2	  ×	  CH),	  114.5	  (2	  ×	  CH),	  110.6	  (2	  ×	  CH),	  82.5	  (2	  ×	  C),	  27.6	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2979,	  1736,	  1338,	  1312,	  1150,	  726	  cm-­‐1.	  
Mass	  spectrum	  (EI,	  70eV)	  m/z	  408	  (M+!,	  54%),	  308	  (19),	  252	  (86).	  
HREIMS	  Found:	  M+!,	  408.2050.	  C24H28N2O4	  requires	  M+!,	  408.2049.	  	  	  
Di-­‐tert-­‐butyl	  5,5'-­‐(1,2-­‐Phenylene)bis(3-­‐(4,4,5,5-­‐tetramethyl-­‐1,3,2-­‐
dioxaborolan-­‐2-­‐yl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate)	  [184]	  
	  
	  	  Pyrrole	  183	   (50	  mg,	  0.12	  mmol),	  B2pin2	   (62	  mg,	  0.24	  mmol),	   [Ir(Cl)(COD)]2	   (3.2	  mg,	  0.005	  mmol),	  dtbpy	  (2.6	  mg,	  0.01	  mmol)	  and	  hexane	  (1	  mL)	  were	  placed	  in	  a	  	  thick-­‐walled	  Ace	  glass	  tube	  (Product	  Number	  :	  5704-­‐10)	  and	  this	  then	  sealed.	  The	  solution	  was	  subjected	  to	  microwave	  irradiation	  (200	  W,	  100	  °C)	   for	  0.83	  h	  then	  cooled	   and	   concentrated	   under	   reduced	   pressure	   and	   the	   residue	   thus	   obtained	  subjected	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	   Et3N	   in	  hexane,	   9:1	   v/v	   hexane/ethyl	   acetate	   elution).	   Concentration	   of	   the	   appropriate	  
quant.
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  fractions	   (Rf	   =	   0.3)	   afforded	   the	   title	   compound	  184	   (80	   mg,	   quantitative)	   as	   a	  clear,	  light-­‐yellow	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.94	  (d,	  J	  =	  1.6	  Hz,	  2H),	  7.32	  (dd,	  J	  =	  3.2	  and	  5.6	  Hz,	  2H),	  7.07	  (dd,	  J	  =	  3.6	  and	  5.6	  Hz,	  2H),	  6.79	  (d,	  J	  =	  1.6	  Hz,	  2H),	  1.19	  (s,	  18H),	  1.11	  (s,	  24H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  148.6	  (2	  ×	  C),	  135.6	  (2	  ×	  C),	  135.0	  (2	  ×	  C),	  131.7	  (2	  ×	  CH),	  130.4	  (2	  ×	  C),	  127.4	  (2	  ×	  CH),	  119.6	  (2	  ×	  CH),	  83.1	  (4	  ×	  C),	  82.7	  (2	  ×	  C),	  27.4	  (6	  ×	  CH3),	  25.0	  (8	  ×	  CH3)	  (two	  resonances	  obscured	  or	  overlapping).	  
IR	  νmax	  (KBr)	  2978,	  1755,	  1370,	  1143,	  855	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  683	  [(M	  +	  Na)+,	  100%].	  
HRESIMS	  Found:	  (M	  +	  Na)+,	  683.3653.	  C36H5011B2N223NaO8	  requires	  (M	  +	  Na)+,	  683.3651.	  	  	  	  
Tetra-­‐tert-­‐butyl	  5',5'''-­‐(1,2-­‐Phenylene)bis(5-­‐(trimethylsilyl)-­‐1H,1'H-­‐[2'',3'''-­‐
bipyrrole]-­‐1,1'-­‐dicarboxylate)	  [185]	  
	  
	  	  Pyrrole	  183	  (100	  mg,	  0.24	  mmol),	  B2pin2	  (124	  mg,	  0.48	  mmol),	  [Ir(Cl)(COD)]2	  (6.6	  mg,	  0.01	  mmol),	  dtbpy	  (5	  mg,	  0.02	  mmol)	  and	  hexane	  (2	  mL)	  were	  placed	  in	  each	  of	  three	  thick-­‐walled	  Ace	  glass	  tubes	  (Product	  Number	  :	  5704-­‐10)	  and	  these	  then	  sealed.	  Each	  of	  the	  ensuing	  mixtures	  was	  subjected	  to	  microwave	  irradiation	  (200	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  W,	   100	   °C)	   for	   0.83	   h.	   The	   cooled	   contents	   of	   the	   tubes	   were	   combined	   and	  transferred	   to	   a	   RBF	   then	   concentrated	   under	   reduced	   pressure	   to	   afford	  compound	   184.	   A	   magnetically	   stirred	   solution	   of	   compound	   184	   in	   1,4-­‐dioxane:H2O	  (4	  mL	  of	  a	  3:1	  v/v	  mixture)	  maintained	  under	  N2	  	  at	  18	  °C	  was	  treated	  sequentially	   with	   tert-­‐butyl	   2-­‐bromo-­‐5-­‐(trimethylsilyl)-­‐1H-­‐pyrrole-­‐1-­‐carboxylate	  (88)	  (234	  mg,	  0.73	  mmol)	  and	  K2CO3	  (102	  mg,	  0.73	  mmol).	  The	  resulting	  solution	  was	  flushed	  with	  N2	  then	  Pd(dppf)Cl2!CH2Cl2	  (10	  mg,	  0.001	  mmol)	  was	  added.	  The	  solution	   thus	   obtained	   was	   flushed	   with	   additional	   N2	   and	   the	   container	   then	  evacuated	  and	  refilled	  five	  times	  with	  N2	  before	  the	  reaction	  mixture	  was	  stirred	  at	  40	   °C	   for	  4	  d.	  The	  ensuing	  mixture	  was	  cooled,	  quenched	  with	  H2O	  (20	  mL)	  and	  extracted	  with	  ethyl	  acetate	  (3	  ×	  20	  mL).	  The	  combined	  organic	  phases	  were	  dried	  (MgSO4),	   filtered	  and	  concentrated	  under	  reduced	  pressure	  and	   the	  residue	   thus	  obtained	   subjected	   to	   flash	   column	   chromatography	   (SiO2	   pretreated	   with	   5%	  Et3N	   in	  hexane,	  hexane	  elution).	  Concentration	  of	   the	  appropriate	   fractions	   (Rf	   =	  0.4	  in	  9:1	  v/v	  hexane/ethyl	  acetate)	  afforded	  the	  title	  compound	  185	  (90	  mg,	  42%)	  as	  a	  clear,	  colourless	  oil.	  	  
1H	  NMR	  (C6D6,	  400	  MHz)	  δ	  7.37-­‐7.34	  (complex	  m,	  4H),	  7.14-­‐7.12	  (complex	  m,	  2H),	  6.56	  (d,	  J	  =	  2.8	  Hz,	  2H),	  6.33	  (d,	  J	  =	  2.8	  Hz,	  2H),	  6.31	  (d,	  J	  =	  2.8	  Hz,	  2H),	  1.28	  (s,	  18H),	  1.15	  (s,	  18H),	  0.49	  (s,	  18H).	  
13C	  NMR	  (C6D6,	  100	  MHz)	  δ	  151.6	  (2	  ×	  C),	  149.1	  (2	  ×	  C),	  137.4	  (2	  ×	  C),	  135.2	  (2	  ×	  C),	   132.9	   (2	  ×	  C),	   132.8	   (2	  ×	  C),	   130.7	   (2	  ×	  CH),	  127.2	   (2	  ×	  CH),	  123.1	   (2	  ×	  CH),	  120.3	  (2	  ×	  CH),	  119.5	  (2	  ×	  C),	  116.8	  (2	  ×	  CH),	  115.1	  (2	  ×	  CH),	  83.5	  (2	  ×	  C),	  82.9	  (2	  ×	  C),	  27.6	  (6	  ×	  CH3),	  27.5	  (6	  ×	  CH3),	  0.4	  (6	  ×	  CH3).	  
IR	  νmax	  (KBr)	  2979,	  1735,	  1331,	  1160,	  846	  cm-­‐1.	  
Mass	  spectrum	  (ESI,	  +ve	  mode)	  m/z	  905	  [(M	  +	  Na)+,	  79%],	  883	  [(M	  +	  H)+,	  100].	  
HRESIMS	  Found:	  (M	  +	  Na)+,	  905.4320.	  C48H66N423NaO8Si2	  requires	  (M	  +	  Na)+,	  905.4317.	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8 APPENDIXES	  	  
	  
A.1	  Appendix	  One	  	  
X-­‐ray	  crystal	  structure	  report	  for	  compound	  94	  	  A	  full	  X-­‐ray	  crystallographic	  report	  for	  compound	  94	  (as	  complied	  by	  Dr.	  Anthony	  C.	  Willis	   of	   the	  Australian	  National	  University)	   is	   provided	   in	  PDF-­‐format	  on	   the	  compact	  disc	  found	  on	  the	  inside	  back	  cover	  of	  this	  Thesis.	  The	  derived	  ORTEP	  is	  shown	  below.	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A.2	  Appendix	  Two	  	  
X-­‐ray	  crystal	  structure	  report	  for	  compound	  99	  	  A	  full	  X-­‐ray	  crystallographic	  report	  for	  compound	  99	  (as	  complied	  by	  Dr.	  Anthony	  C.	  Willis	   of	   the	  Australian	  National	  University)	   is	   provided	   in	  PDF-­‐format	  on	   the	  compact	  disc	  found	  on	  the	  inside	  back	  cover	  of	  this	  Thesis.	  The	  derived	  ORTEP	  is	  shown	  below.	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A.3	  Appendix	  Three	  	  
X-­‐ray	  crystal	  structure	  report	  for	  compound	  111	  	  A	   full	   X-­‐ray	   crystallographic	   report	   for	   compound	   111	   (as	   complied	   by	   Dr.	  Anthony	  C.	  Willis	  of	  the	  Australian	  National	  University)	  is	  provided	  in	  PDF-­‐format	  on	   the	   compact	   disc	   found	   on	   the	   inside	   back	   cover	   of	   this	   Thesis.	   The	   derived	  ORTEP	  is	  shown	  below.	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A.4	  Appendix	  Four	  
	  
X-­‐ray	  crystal	  structure	  report	  for	  compound	  126	  	  A	   full	   X-­‐ray	   crystallographic	   report	   for	   compound	   126	   (as	   complied	   by	   Dr.	  Anthony	  C.	  Willis	  of	  the	  Australian	  National	  University)	  is	  provided	  in	  PDF-­‐format	  on	   the	   compact	   disc	   found	   on	   the	   inside	   back	   cover	   of	   this	   Thesis.	   The	   derived	  ORTEP	  is	  shown	  below.	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A.5	  Appendix	  5	  	  
X-­‐ray	  crystal	  structure	  report	  for	  compound	  133	  	  A	   full	   X-­‐ray	   crystallographic	   report	   for	   compound	   133	   (as	   complied	   by	   Dr.	  Anthony	  C.	  Willis	  of	  the	  Australian	  National	  University)	  is	  provided	  in	  PDF-­‐format	  on	   the	   compact	   disc	   found	   on	   the	   inside	   back	   cover	   of	   this	   Thesis.	   The	   derived	  ORTEP	  is	  shown	  below.	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A.6	  Appendix	  Six	  	  
X-­‐ray	  crystal	  structure	  report	  for	  compound	  173	  	  A	   full	   X-­‐ray	   crystallographic	   report	   for	   compound	   173	   (as	   complied	   by	   Dr.	  Anthony	  C.	  Willis	  of	  the	  Australian	  National	  University)	  is	  provided	  in	  PDF-­‐format	  on	   the	   compact	   disc	   found	   on	   the	   inside	   back	   cover	   of	   this	   Thesis.	   The	   derived	  ORTEP	  is	  shown	  below.	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
BocN
NBoc
TMS
TMS
173
	  	  
	  	  	  
	   	  
Appendixes	  	  
	   	  
219	  
A.7	  Appendix	  Seven	  	  
X-­‐ray	  crystal	  structure	  report	  for	  compound	  180	  	  A	   full	   X-­‐ray	   crystallographic	   report	   for	   compound	   180	   (as	   complied	   by	   Dr.	   Jas	  Ward	   of	   the	   Australian	   National	   University)	   is	   provided	   in	   PDF-­‐format	   on	   the	  compact	  disc	  found	  on	  the	  inside	  back	  cover	  of	  this	  Thesis.	  The	  derived	  ORTEP	  is	  shown	  below.	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A.8	  Appendix	  Eight	  
	  Cyclic	  voltammograms	  of	  compounds	  117,	  106,	  119,	  120,	  123,	  124,	  125,	  126,	  
127,	  128,	  131,	  132,	  133,	  134,	  135,	  151,	  152,	  153,	  157,	  158,	  159,	  172,	  173,	  174,	  
175,	  176,	  180,	  182	  and	  185.	  	  
	  
Figure	  8-­‐1:	  Cyclic	  voltammogram	  of	  compound	  117	  in	  0.1	  M	  TBAP/CH2Cl2	  as	  recorded	  using	  
a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  6.9	  mM.	  Electrode	  potential	  limits	  
0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  
 
	  
Figure	  8-­‐2:	  Cyclic	  voltammogram	  of	  compound	  106	  in	  0.1	  M	  TBAP/CH2Cl2	  as	  recorded	  using	  
a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  6.2	  mM.	  Electrode	  potential	  limits	  
0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	  8-­‐3:	  Cyclic	  voltammogram	  of	  compound	  119	  in	  0.1	  M	  TBAP/CH2Cl2	  as	  recorded	  using	  
a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.8	  mM.	  Electrode	  potential	  limits	  
0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	  8-­‐4:	  Cyclic	  voltammogram	  of	  compound	  120	  in	  0.1	  M	  TBAP/CH2Cl2	  as	  recorded	  using	  
a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.4	  mM.	  Electrode	  potential	  limits	  
0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	  8-­‐5:	  Cyclic	  voltammogram	  of	  compound	  123	  in	  0.1	  M	  TBAP/CH2Cl2	  as	  recorded	  using	  
a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  6.2	  mM.	  Electrode	  potential	  limits	  
0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐6:	   Cyclic	   voltammogram	   of	   compound	   124	   in	   0.1	   M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  6.2	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  
!2.0E!05'
!1.0E!05'
0.0E+00'
1.0E!05'
2.0E!05'
3.0E!05'
4.0E!05'
5.0E!05'
6.0E!05'
0' 0.2' 0.4' 0.6' 0.8' 1' 1.2' 1.4' 1.6'
Cu
rr
en
t'(
A)
''
Poten-al'(V'vs'Ag/Ag+)''
Cycle'1'(0/+1.6'V)'
Cycle'2'(0/+1.6'V)'
Cycle'3'(0/+1.6'V)'
Cycle'1'(0/+1.4'V)'
Cycle'2'(0/+1.4'V)'
Cycle'3'(0/+1.4'V)'
!1.0E!05'
0.0E+00'
1.0E!05'
2.0E!05'
3.0E!05'
4.0E!05'
5.0E!05'
6.0E!05'
7.0E!05'
0' 0.2' 0.4' 0.6' 0.8' 1' 1.2' 1.4' 1.6'
Cu
rr
en
t'(
A)
'
Poten-al'(V'vs'Ag/Ag+)''
Cycle'1'(0/+1.6'V)'
Cycle'2'(0/+1.6'V)'
Cycle'3'(0/+1.6'V)'
Cycle'1'(0/+1.4'V)'
Cycle'2'(0/+1.4'V)'
Cycle'3'(0/+1.4'V)'
BocN
N
Boc
TMS
TMS
123
124
BocN
N
Boc
Br
Br
Appendixes	  	  
	   	  
224	  
	  
Figure	  8-­‐7:	  Cyclic	  voltammogram	  of	  compound	  125	  in	  0.1	  M	  TBAP/CH2Cl2	  as	  recorded	  using	  
a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.1	  mM.	  Electrode	  potential	  limits	  
0-­‐1.20	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐8: Cyclic	   voltammogram	   of	   compound	   126	   in	   0.1	   M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  2.5	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	   8-­‐9: Cyclic	   voltammogram	   of	   compound	   127	   in	   0.1	   M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.4	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1. 	  
	  
Figure	   8-­‐10:	   Cyclic	   voltammogram	   of	   compound	  128	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  2.6	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	   8-­‐11:	   Cyclic	   voltammogram	   of	   compound	  131	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  6.1	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  
 
	  
Figure	   8-­‐12:	   Cyclic	   voltammogram	   of	   compound	  132	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  5.3	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
!5.0E!06'
0.0E+00'
5.0E!06'
1.0E!05'
1.5E!05'
2.0E!05'
2.5E!05'
3.0E!05'
3.5E!05'
0' 0.2' 0.4' 0.6' 0.8' 1' 1.2' 1.4' 1.6'
Cu
rr
en
t'(
A)
'
Poten-al'(V'vs'Ag/Ag+)''
Cycle'1'(0/+1.6'V)'
Cycle'2'(0/+1.6'V)'
Cycle'3'(0/+1.6'V)'
Cycle'1'(0/+1.3'V)'
Cycle'2'(0/+1.3'V)'
Cycle'3'(0/+1.3'V)'
!1.0E!05'
0.0E+00'
1.0E!05'
2.0E!05'
3.0E!05'
4.0E!05'
5.0E!05'
0' 0.2' 0.4' 0.6' 0.8' 1' 1.2' 1.4' 1.6'
Cu
rr
en
t'(
A)
'
Poten-al'(V'vs'Ag/Ag+)'''
Cycle'1'(0/+1.6'V)'
Cycle'2'(0/+1.6'V)'
Cycle'3'(0/+1.6'V)'
Cycle'1'(0/+1.4'V)'
Cycle'2'(0/+1.4'V)'
Cycle'3'(0/+1.4'V)'
N
Boc
N
TMS
TMS
Boc
131
132
N
Boc
N
Br
Br
Boc
Appendixes	  	  
	   	  
227	  
	  
Figure	   8-­‐13:	   Cyclic	   voltammogram	   of	   compound	  133	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.4	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐14:	   Cyclic	   voltammogram	   of	   compound	  134	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.7	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	   8-­‐15:	   Cyclic	   voltammogram	   of	   compound	  135	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.3	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐16:	   Cyclic	   voltammogram	   of	   compound	  151	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  4.4	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1. 	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Figure	   8-­‐17:	   Cyclic	   voltammogram	   of	   compound	  152	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  electrode.	  Monomer	  concentration	  =	  5.7	  mM.	  Electrode	  potential	   limits	  0-­‐
1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐18:	   Cyclic	   voltammogram	   of	   compound	  153	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.8	  mM.	  Electrode	  potential	  
limits	  0-­‐1.30	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
!1.0E!05'
0.0E+00'
1.0E!05'
2.0E!05'
3.0E!05'
4.0E!05'
0' 0.2' 0.4' 0.6' 0.8' 1' 1.2' 1.4' 1.6'
Cu
rr
en
t'(
A)
'
Poten-al'(V'vs'Ag/Ag+)''
Cycle'1'(0/+1.6'V)'
Cycle'2'(0/+1.6'V)'
Cycle'3'(0/+1.6'V)'
Cycle'1'(0/+1.5'V)'
Cycle'2'(0/+1.5'V)'
Cycle'3'(0/+1.5'V)'
!1.0E!05'
0.0E+00'
1.0E!05'
2.0E!05'
3.0E!05'
4.0E!05'
0' 0.2' 0.4' 0.6' 0.8' 1' 1.2'
Cu
rr
en
t'(
A)
'
Poten-al'(V'vs'Ag/Ag+)''
Cycle'1'(0/+1.3'V)'
Cycle'2'(0/+1.3'V)'
Cycle'3'(0/+1.3'V)'
NBoc
Br
BocN
Br
NO2
152
BocN
NBocNO2
BocN
NBoc
TMS
TMS
153
Appendixes	  	  
	   	  
230	  
	  
Figure	   8-­‐19: Cyclic	   voltammogram	   of	   compound	  157	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  5.6	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐20:	   Cyclic	   voltammogram	   of	   compound	  158	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  1.4	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	   8-­‐21:	   Cyclic	   voltammogram	   of	   compound	  159	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  4.3	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐22:	   Cyclic	   voltammogram	   of	   compound	  172	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  6.6	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	   8-­‐23:	   Cyclic	   voltammogram	   of	   compound	  173	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  7.8	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐24:	   Cyclic	   voltammogram	   of	   compound	  174	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  8.0	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	   8-­‐25:	   Cyclic	   voltammogram	   of	   compound	  175	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.8	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐26:	   Cyclic	   voltammogram	   of	   compound	  176	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  2.0	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	   8-­‐27:	   Cyclic	   voltammogram	   of	   compound	  180	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.5	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	  	  
	  
Figure	   8-­‐28:	   Cyclic	   voltammogram	   of	   compound	  182	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.4	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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Figure	   8-­‐29:	   Cyclic	   voltammogram	   of	   compound	  185	   in	   0.1	  M	   TBAP/CH2Cl2	   as	   recorded	  
using	  a	  platinum	  (working)	  electrode.	  Monomer	  concentration	  =	  3.4	  mM.	  Electrode	  potential	  
limits	  0-­‐1.60	  V;	  scan	  rate	  =	  0.05	  Vs-­‐1.	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